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Abstract 
~
The techniques of ion cyclotron resonance spectroscopy and 
photoionizat ion-mass spectrometry are used to characterize the 
thermochemistry and reactivity of transition metal and organometallic 
species in the gas-phase. Chapter I gives an introduction emphasizing 
the need for physical studies of these compounds. An assessment of 
the differences in chemical properties and reactivity between the gas 
phase and solution is also made. 
Chapter II details the properties and reactions of (C0) 5MnR 
(R = H, CH 3 ) determined using the techniques of ion cyclotron reso-
nance spectroscopy. An examination of the products (C0)5Mn(R)H+, 
(C0)4Mn(R)H+, and (C0) 5Mn + which . result from prcton transfer with 
varying exothermicity to (C0) 5MnR permits several thermochemical 
and mechanistic inferences.. In particular the prcton affinities of 
these species are derived and the mechanism of reductive elimination 
of RH from the conjugate acids is detailed. 
An examination of processes involving negative ions yields the 
heterolytic bond energies D[(C0) 5Mn- -R+]. The hydride is found to 
be an exceptionally strong acid in the gas phase. 
Positive and negative ion mass spectra and ion-molecule 
reactions are reported briefly. 
Chapter Ill presents the results of an ion cyclotron-resonance 
trapped ion study of the kinetics of proton transfer from MnH+ (formed 
as a fragment ion from HMn(C0) 5 by electron impact) to bases of 
varying strength. Deprotonation is rapid with bases whose proton 
iv 
affinity exceeds 196 ± 3 kcal mol-1 • Using this value for PA (Mn] 
yields the homolytic bond dissociation energy D[ Mn+ -H] = 
. 53 ± 3 kcal mol-1 • 
In Chapter IV the results of a photoionization mass-
spectrometric determination of the ionization potentials and selected 
fragment ion appearance potentials of (C0) 5MnR where R = H, CH3 , 
CH2 F, CHF2 and CF3 are presented. A comparison of the appearance 
potential of (C0) 5Mn+ from all five species yields the metal-carbon 
bond dissociation energies relative to the metal-hydrogen bond 
dissociation energy with no additional thermochemical data. Using 
the literature value D0 [(C0) 5Mn-H] = 57 kcal/mol gives 
D0 [(C0) 5Mn-R] = 44, 32, 33, and 42 kcal/mol, respectively. 
Fragmentation thresholds for the metal carbene fragment ions 
(C0) 5MnCXY+ where X, Y = H or Fare analyzed to yield the fluoride 
and hydride affinities of these species. Ion cyclotron resonance 
spectroscopy is used to examine hydride and fluoride transfer 
reactions involving these carbenes to corroborate the photoionization 
data. The carbene bond dissociation energies D0 [(C0) 5Mn+-CXY] 
decrease from 104 to 98 to 82 kcal/mol with successive substitution 
ofF for H. 
In Chapter V the proton affinities of twenty organotransition 
metal complexes in the gas phase are reported. Combined with 
adiabatic ionization potentials, these data yield metal-hydrogen 
homolytic bond energies for the sixteen species for which protonation 
occurs on the metal center. These bond energies range from 53 to 
87 kcal/mol. Bond energies increase on going from a first-row 
v 
complex to its second-row homologue, but no increase is seen on 
going to the third-row metaL The metal-hydrogen bond energy 
decreases markedly with increasing oxidation state of the same metal. 
Comparison to isoelectronic neutral complexes is made. 
vi 
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Introduction 
~
Interest in the physical chemistry of organometallic complexes is 
very recent, with essentially all of the work in this field being reported 
within the last several years. One major cause of this change, "the 
energy crisis", has consequences extending beyond the realm of the 
chemical world, needless to say. In chemistry, however, its effect 
has been to promote intense interest in synthetic fuel production, 
efficient catalytic processes, hydrogen production and storage, and the 
utilization of solar energy. 
Effective design of systems mentioned above would be greatly 
enhanced by a detailed knowledge of the mechanisms of processes 
effected by organometallic complexes. This is a considerably greater 
problem than it might first appear. Identification of reaction inter-
mediates is difficult at best; their fleeting existence makes even 
spectroscopic characterization oftentimes impossible. Additionally, 
solvent molecules can be important participants in a reaction, not only 
in solvation of reactants or products, but sometimes acting as a ligand. 
In many instances several low-energy processes are competitive; the 
selectivity of a catalyst or reagent is very poor. Finally, there are 
very few quantitative data on bond strengths and acid-base properties 
of organometallic complexes, and only a limited number on activation 
parameters. 
All too often the physical chemist's approach to organometallic 
complexes has been to place such fragile complexes as (C0)5Fe1- 2 and 
(T] 6 -C6H6) 2Cr3 in a high-powered laser beam and note that metal atoms 
are produced. However, several very elegant studies of organometallic 
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complexes have been reported. Notable among these is a study of the 
decomposition of (C0) 5Fe promoted by the SF15 absorption of pulsed C~2 
infrared laser radiation, from which the bond energy D[(C0) 4Fe-CO] = 
49 ± 3 kcal/mol is determined. 4 Laser photoelectron spectrometry of 
the negative ions of iron and iron carbonyls had been used to determine 
the electron affinities of Fe(CO)n, n = 0-4. 5 These data also provide 
information on the carbonyl vibrational modes and iron-carbonyl bond 
strengths in these species. The photodissociation of M~(C0)10 and 
Re2(C0)10 has been examined in a molecular beam. 6 These experi-
ments clearly indicate the photoabsorption involves a parallel transition 
which results (within several picoseconds) only in metal-metal bond 
cleavage. This is taken as strong evidence for the photoabsorption to 
be the a - a* transition of the metal-metal bond. (C0) 4CoH has been 
investigated using matrix isolation techniques, and some spectroscopic 
evidence presented for identification of intermediates in the hydrofor-
mylation reaction. 7 Finally, ion-beam8 and ion cyclotron resonance9- 12 
studies of the reactions and thermochemistry of transition metal com-
plexes and atomic ions are reported. 
The work detailed in this thesis provides unique information on 
the gas-phase properties and reactions of organometallic complexes. 
An assessment of the differences of the gas-phase to solution-
phase chemistry is in order. One example is afforded by a discussion 
of the acidity of (C0) 5MnH. In the gas phase (C0) 5MnH is found to be 
an exceptionally strong acid, with D[(C0) 5Mn--H+] = 318 ± 3 kcal/mol 
making the acidity comparable to that of HI and HBr. By contrast, 
(C0) 5MnH in aqueous solution is only weakly acidic, with a pka = 7. 1. 13 
4 
This difference is attributed to the very poor solvation of (C0) 5Mn-. 
These data can be used to estimate14 the radius of (C0) 5Mn- to be 
about 3 A; this is in reasonable agreement with the crystal structure 
of this anion. 15 
We have also determined the gas-phase acidities D[(C0) 4Co --H+l 
~ 313.6 kcal/mol and D [(C0) 4FeH--H+] = 328 ± 5 kcal/mol. The pka 
of these complexes are < 2 and 4. 4, respectively. 16 
(C0)4CoH is more acidic than (C0) 5MnH in the gas phase, as would be 
predicted from the pka measurements, but (C0) 4 FeH2 is not. We 
interpret this as an indication of different solvation effects for 
(C0) 4 FeH2 and (C0) 4 FeH- than are observed for the manganese and · 
cobalt complexes. 
A second example is made by comparison of the chemistry of 
several cyclopentadienyl iron complexes. Jolly and Pettit17 report the 
attempted preparation of (7] 5 -C5H5)Fe(C0) 2(CH2)+BF; by cleavage of 
the ether CpFe(C0)2CH20CH3 with HBF4 • While the cationic complex 
could not be isolated, its presence was postulated to account for 
methylene transfer to produce norcarane from cyclohexene, and cis-
and trans-1, 2-dimethylcyclopropane from cis- and trans-2-butene, 
respectively. In the absence of olefins, CpFe(C0)2CH3 was isolated. 
Protonation reactions of CpFe(C0)2CH20CH3 have also been 
utilized as a synthetic means to prepare a variety of CpFe(C0)2CH~ 
derivatives. 18 Recently CpFe(C0)2CH2S(CH3);BF; was prepared by 
similar techniques. 19 The sulphur ligand "stabilizes" the carbene 
complex; the salt is an isolable and easily handled reagent for the 
cyclopropanation of olefins. 
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The ion CpFe(C0)2CHt is readily formed in the gas-phase, using 
the techniques of ion cyclotron resonance spectroscopy as given by 
reaction 1, in which BH+ = NH:, C2H~, CH:, and H~. 11 
This ion undergoes several interesting reactions, for example, 
the carbene CpFe(C0)2(CHOCH3)+ is produced at longer times or higher 
pressures, reaction 2. 
(2) 
Addition of cyclohexene results in the production of CpFe(CO): 
from the carbene; by analogy to the solution chemistry, this is 
attributed to reaction 3. 
CpFe(C0)2CHi +0-- CpFe(CO)t + ~ (3) 
Each of the bases NH3 , CH3CN, and CD3CDO adds to the carbene, 
reaction 4. 
( 4) 
As is detailed above, the reactions of CpFe( C0)2CHt in the gas 
phase, specifically methylene transfer to cyclohexene, hydride 
abstraction to yield CpFe(C0) 2CH3 , and addition of n-donor bases to the 
methylene carbon, are entirely in accord with the reactions of this 
species in solution. Further, the reactions of CpRe(PPh3)(NO)(CHR)+ 
6 
(R = H, OCH3 , and OH) in solution20 have provided an excellent demon-
stration of completely analogous reactivity to that of CpFe(C0)2CH:. 
The results presented in this thesis provide not only thermo-
chemical and mechanistic information of gas-phase species, but 
provide some interesting chemistry which complements solution-phase 
studies. 
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Chapter II 
Properties and Reactions of (C0) 5MnH and (C0) 5MnCH3 by 
Ion Cyclotron Resonance Spectroscopy. A Consideration of 
Homolytic D[(C0) 5Mn-R] and Heterolytic D[(C0) 5Mn- -R+] 
Bond Energies and the Mechanism and Energetics of 
Reductive Elimination of RH from (C0) 5Mn(R)H+. 
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Abstract 
~
The properties and reactions of (C0) 5MnR (R = H, CH3) are 
examined using the techniques of ion cyclotron resonance spectroscopy. 
An examination of the products (C0) 5Mn(R)H+, (C0) 4Mn(R)H+, and 
(C0) 5Mn+ which result from prcton transfer with varying exothermicity 
to (C0) 5MnR permits several thermochemical and mechanistic 
inferences. In particular the proton affinities of these species are 
derived and the mechanism of reductive elimination of RH from the 
conjugate acids is detailed. 
An examination of processes involving negative ions yields the 
heterolytic bond energies D [(C0) 5Mn--R+]. The hydride is found to be 
an exceptionally strong acid in the gas phase. 
An important conclusion of the study is that D [(C0)5Mn-CH3 ] is 
much stronger than previously thought, being only 5 ± 2 kcal/mol less 
than D[(C0) 5Mn-H]. The electron affinity of the (C0) 5Mn radical is 
bracketed between the Mn-CH3 and Mn-H bond energies. 
Positive and negative ion mass spectra and ion-molecule 
reactions are reported briefly. 
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Introduction 
~-----..........-
Reductive elimination and its complement, oxidative addition, 
play major roles in synthetic and catalytic transformations of hydro-
carbons effected by transition metal complexes. Only a few studies 
have been addressed specifically to the kinetics, mechanism, and 
thermochemistry of these processes. 1- 20 Many features of these 
reactions are puzzling and warrant further investigation. For example, 
dihydride and bisalkyl C<?mplexes tend to be more "stable" than the 
analogous hydridoalkyl species. Whether this is kinetic or thermo-
dynamic stability is not clear. Several studies indicate reductive 
elimination does not always occur in a concerted intramolecular step 
but frequently follows an intermolecular pathway or even one involving 
hydrocarbon radicals. S, S, 9 Often difficulties arise in determining 
the reactive intermediate; only indirect evidence can be used to 
identify the ligands within the coordination sphere of the metal. 
Finally, there are very few quantitative data that characterize the 
thermodynamic and activation parameters of these reactions. 16- 20 
In this paper we report the gas-phase ion chemistry of 
(C0) 5MnCH3 and (C0)5MnH, determined by using the techniques of ion 
cyclotron resonance spectroscopy, 21 . which provides some insight into 
the problems outlined above. This technique provides a nearly 
collision-free environment, in which highly reactive species are 
easily formed and characterized. These gas-phase studies allow an 
assessment of the role of solvent effects on the properties exhibited by 
these species in solution. Most importantly for this work, the energy 
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available for a reaction can easily be varied. This energetic control 
is afforded by protonation studies, using a proton donor BH+, whose 
proton affinity (PA) is given by eq. 1. The proton affinities of a wide 
~H = PA(B) (1) 
variety of organic bases are known; for example, PA(NH3 ) = 207 kcal/ 
mol, and PA(H20) = 175 kcal/mol. 22 The usual situation in proton 
transfer reactions, generalized in eq. 2, is for proton transfer from 
B1 to B2 to occur when PA(B2) ~ PA(B1). When the reaction is 
(2) 
sufficiently exothermic, excess energy retained by B2H+ results in its 
decomposition. Variation of the donor B1H+ can be utilized to quantify 
the proton affinity of B2 , as we 11 as the energetics of the decomposition 
+ of B2H • 
In this paper we report protonation reactions of ( C0)5MnCH3 and 
(C0) 5MnH. The negative ion chemistry of these compounds is examined, 
and the heterolytic bond energies given by eq. 3 determined. Positive 
(R = H, CH3) 
and negative ion mass spectra and the ion-molecule chemistry of these 
compounds are reported briefly. 
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The techniques of ion cyclotron resonance have been described. 21 
The spectrometer used in this study was built in our laboratories and 
utilizes a 15-in. electromagnet capable of 23.4 kG maximum field. 
Standard marginal oscillator detection was employed. Pressures were 
measured with a Schulz-Phelps-type ion gauge calibrated against an 
MKS Baratron Model 90H1-E capacitance manometer; the estimated 
uncertainty in absolute pressure, thus in all rate constants, is ± 20%. 
All electron energies are uncalibrated. All reactions were identified 
by double resonance techniques ;21 neutrals are net detected. 
Pentacarbonylhydridomanganese was prepared by reaction of 
Na+((C0) 5Mn]- with phosphoric acid. 23 Final purification was 
effected by pumping on the Dry Ice/acetone-cooled sample until no 
impurities were observed in the mass spectrum. Pentacarbonyl-
methylmanganese was prepared by reaction of Na +[(C0) 5Mnl- with 
CH31 and purified by sublimation;24 no impurities were detected in 
the mass spectrum. Decacarbonyldimanganese was attained from 
A1fa Inorganics and used as supplied. 
All other reagents were used without purification, except for 
degassing with several freeze-pump-thaw cycles. 
Proton transfer reactions were observed under trapped ion 
conditions, with a typical metal complex:protonation reagent ratio of 
1:2 at a total pressure of 5 x 10-7 Torr. 
Negative ion mass spectra with zero-energy electrons were taken 
in the trapping mode, and spectra were recorded following a 3 msec 
pulse of 70 eV electrons. The electrons were thermalized by using 
15 
high pressures of C02 , as described in the literature. 
25 Pressures 
of the metal complexes were kept low (1- 4 x 10-8 torr) to prevent 
ion-molecule reactions as well as ensure the electrons were therma-
lized before attachment. 
All auxiliary thermochemical data are given in Table I. 
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Table I. Additional Thermochemistry Used in This Worka 
Species AH 0 Reference f 
CH4 -17.89 b 
CH3 34.82 b 
H 52.09 b 
H+ 365.7 c 
H 33.39 c 
IP((C0) 5MnH] 8. 55± 0.1 ev d 
IP[(C0) 5MnCH3 ] 8.3±0.1eV e 
a. All values in kcal/mol at 298 K except as noted. 
b. Stull, D. R.; Prophet, H. Nat I. Stand. Ref. Data Ser., Natl. Bur. 
Stand. 1971, No. 37. 
~
c. Wagner, D. D.; Evans, W. H.; Parker, V. B.; Halow, I.; 
Bailey, S. M.; Schumm, R. J.; Nat I. Bur. Stand. Tech. Note 
270-3, 1968. 
~
d. Hall, M. B. J. Am. Chern. Soc. lll§., 97, 2057. 
e. Lichtenberger, D. L.; Fenske, R. F. Inorg. Chern. ll.ll., g, 486. 
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Results 
......... ~ ""' 
Mass Spectra of (C0) 5MnH and (C0) 5MnCH3 • The positive ion 
mass spectra of (C0) 5MnH and (C0) 5MnCH3 recorded on our instrument 
agree well with those reported in the literature. 26 , 27 The 70 eV 
negative ion mass spectrum of (C0) 5MnH, taken in the drift mode at a 
pressure of 3 x 10_., Torr, yields the ions (C0) 5Mn- (6%), (C0)4MnH-
(91%), and (C0) 3MnH- (3%). The spectrum is unchanged from 70 eV to 
0. 5 eV. The negative ion spectrum with zero-energy electrons (1 :90 to 
1:400 mixture of (C0) 5MnH with C02 ) shows 10~ (C0)4MnH-. 
The 70 eV negative ion mass spectrum of (C0) 5MnCH3 , taken in 
the drift mode at a pressure of 1. 5 x 10-1 Torr, yields the ions 
(C0) 5Mn- (10%), (C0) 4MncH; (82%) and (C0) 3MncH; (8%). This does 
not change with electron energy except near 0 eV, where the ion 
abundance is roughly (C0) 5Mn- (5%), (C0)4MnCH; (57%) and (C0)3MnCH; 
(38%). The negative ion spectrum with zero-energy electrons (1 :700 to 
1:1340 mixture of (C0) 5MnCH3 with C02) yields the ions (C0) 5Mn- (86%) 
and (C0)4MnCH; (14%). The ratio of these ions does not vary over the 
range of C02 pressures investigated, nor over trapping times of 
0-80 msec. 
~~~:z.:t!~:Z.. ~ _ (~~!s~rt!!:.. The positive ion-molecule 
chemistry of (C0) 5MnH at 1. 5 x 10-6 Torr is dominated by rapid, 
extensive clustering of all the ions, except parent, produced by 70 eV 
ionization. An example is afforded by the reaction of MnH+, eq. 4. 
( 4) 
Within 30 msec following a 10 msec electron pulse, the total intensities 
18 
of ions from m/e 200-395 are comparable to those of lower mass. 
Since our spectrometer does not have the unit mass resolution 
necessary to differentiate the various product ions, no attempt was 
made to quantify these reactions, or to observe ions with mass greater 
than 395. 
Besides the clustering reactions, Mn+ undergoes charge-transfer 
to produce (CO)nMnH+, n = 1-5, and (C0) 5Mn+. The latter product may 
be due to H- transfer. Since IP [Mn] = 7. 432 eV (Table IT) is less than 
IP [ (C0) 5MnH] = 8. 55 eV (Table I), this indicates substantial amounts 
of excited Mn + are produced. Table II lists several of the low-lying 
excited states of Mn +;these are undoultedly easily accessible with 
70 eV electron impact ionization. 
Finally, (C0) 5MnH: is observed from reaction 5. Figure 1 
illustrates the temporal variation of the ions (C0) 5MnH+ and (C0) 5MnH: 
following a 9 eV electron beam pulse; a rate constant of 1. 8 x 1 o-10 
cm
3 
-molec-1 -s-1 for reaction 5 is derived from these data. The ion 
product of reaction 5 is unreactive with (C0) 5MnH . 
• 
The negative ion-molecule chemistry of (C0) 5MnH at 4 x 10- 10 Torr 
shows no products which can be attributed to reactions with the hydride. 
At longer times, small amounts of M~(CO); and M~(C0) 8- arise from 
(C0)4MnH-, and M~(C0)7- from (C0) 3MnH-. T~ese ions are attributed 
to charge transfer with M~(C0)10 , present in trace amounts from 
decomposition of (C0) 5MnH; addition of M~(C0) 10 increases the 
abundance of these ions dramatically. 
19 
a 
Table n. Low-Lying Excited States of Mn+ 
State Level 
a
7 S 0.00 IP(Mn) = 7. 432 eV 
ass 1.17 
a 
5D 1.78 
asG 3.42 
a
3P 3.70 
asP 3.71 
a
3H 3.78 
a
3 F 3.91 
a. Moore, C. E. "Atomic Energy Levels, Vol. 2',' National 
Bureau Standards: Washington, 1971. All values in eV; 
only the level for the lowest-lying J is given. 
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FIGURE 1. Temporal variation of the abundances of (C0) 5MnH+ and 
(C0)5MnH:, observed in 1. 6 x 10-r Torr (C0) 5MnH, following a 
10 msec, 9 eV electron pulse. 
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The positive ion-
molecule chemistry of (C0) 5MnCH3 at 4 x 10-7 Torr is characterized 
by extensive clustering. Ions up to m/e 395 were observed, but no 
attempt was made to further quantify this sytem. 
Both Mn+ and MnCH; charge-transfer to produce (C0) 5Mn+ and 
(C0) 5MnCHt. Mn+ also produces (C0) 4MnCH; by charge-transfer. 
Similarly to the reactions observed in the hydride, these are taken as 
evidence of excited Mn+ (and possibly MnCH;1 produced by 70 eV 
ionization, since IP [ (C0) 5MnCH3l = 8. 3 ± 0.1 eV is well below that of 
manganese. 
No reactions of (C0) 5Mn-, (C0)4MnCH;, of .(C0) 3MnCH; are seen 
at 1. 4 x 10-7 Torr of (C0) 5MnCH3 and ion trapping times as .long as 
1000 msec. 
Protonation Reactions of (C0) 5MnH. (C0) 5MnH reacts with a 
-- -- ........,.._ .... _ """'-----------~ 
variety of proton donors BH+ to give the conjugate acid (C0) 5MnH:, 
reaction 6, as well as the product with loss of H2 , reaction 7. The 
range .of proton donors for which reactions 6 and 7 are observed is 
illustrated in Figure 2a. Onset of reaction 6 establishes 
(6) 
(7) 
PA [(C0} 5MnH] = 204 ± 3 kcal/mol. Onset of reaction 7 occurs with 
donors for which PA(B) ~ 198 ± 3 kcal/mol. 
The product with loss of CO, (C0}4MnH;, is observed only with 
the very strong acids HCO+ or CH~, as given in reaction 8. Inter-
23 
FIGURE 2. a) Range of proton donors for which the products 
(C0) 5MnH: (reaction 6) and (C0) 5Mn+ (reaction 7) are observed from 
protonation reactions of (C0) 5MnH. 
b) Range of proton donors for which the products (C0) 5Mn+ (reaction 9), 
(C0)5Mn(CH3)H+ (reaction 10), and (C0)4Mn(CH3)H+ (reaction 11) are 
observed from prd:onation reactions of (C0) 5MnCH3 • The proton 
affinity (kcal/mol) of each base examined, PA(B)-PA(NH3), is given 
in parentheses. 
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( 8) 
mediacy of (C0) 5MnH: in both reactions 7 and 8 is established by 
collision-induced dissociation of the dihydride ion to yield both (C0) 5Mn + 
and (C0) 4MnH:. 
Protonation Reactions of (C0) 5MnCH3 • Reaction of proton donors ~-- ... ......--- ... -~ ... ~ -~ 
with (C0) 5MnCH3 yields the products as indicated by eqs. 9 and 10. 
(9) 
(10) 
The range of proton donors, and their relative proton affinities, for 
which these reactions occur is illustrated in Figure 2b. Methane 
elimination takes place with proton donors for which 
PA(B) < 203 ± 3 kcal/mol. The conjugate acid (C0) 5Mn(CH3)H+ is 
below those which yield the product (C0) 5Mn +as an abundant ion; 
onset of reaction 10 e~ablishes PA [(C0) 5MnCH3 ] = 188 ± 3 kcal/mol. 
If the proton transfer is sufficiently exothermic, dissociation 
of the product (C0) 5Mn(CH3)H+ occurs, reaction 11. Decomposition 
(11) 
with loss of CO is observed with donors less basic than HCN, 
indicating D[(C0) 4Mn(CH3)H+ -CO] ~ 7 ± 2 kcal/mol. Intermediacy of 
(C0) 5Mn(CH3)H+ in reaction 11 is evidenced by collision-induced 
dissociation of this ion to yield (C0) 4Mn(CH3)H+. Loss of CH4 cannot 
be collisionally induced. 
The products (C0) 5Mn+, (C0) 4MnHt, and (C0) 4Mn(CH3)H+ undergo 
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rapid exchange of the CO ligands with all of the compounds Bused in 
the protonation reactions, as well as loss through clustering reactions. 
These further reactions precluded the possibility of measuring quanti-
tative product distributions or proton transfer rates for reactions 6-11. 
Metal H dr en Hamal ic Bond Ener ies. The homolytic bond 
dissociation energy in a protonated compound, D(B+ -H), can be calcu-
lated from the proton affinity and adiabatic ionization potential, as 
given in eq. 12. Using the values for the adiabatic _ionization potentials 
D(B+ -H) = PA(B) + IP(B) - IP(H) (12) 
of (C0) 5MnH and (C0) 5MnCH3 given in Table I with the proton affinities 
determined for this work yield the homolytic manganese-hydrogen bond 
energies, D [(C0) 5MnH+ -H] = 87 ± 3 kcal/mol, and D [(C0) 5MnCH;-Hl = 
67 ± 3 kcal/mol. 
Reaction of Trimethyl Silyl Ion with (C0) 5MnH. (CH3) 3Si+ reacts ~.,.,..._, _____ .,.,..._, __ .,.,..._, __ .. ___ .,.,..._, ____ ~
with (C0) 5MnH in a 6:1 mixture of (CH3) 4Si with (C0) 5MnH at a total 
pressure of 7 x 10-7 Torr according to reactions 13-15. Product ratios 
(14) 
are only approximate, as (C0)5Mn + is lost through clustering with 
(C0) 5MnH. The intensity of (C0) 3Mn(H)Si(CH3)i reached a maximum at 
200 msec (total trapping time 500 m_sec); it is uncertain whether only 
vibrationally excited (CH3) 3Si+ produced this ion or whether it is lost 
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to clustering reactions as well. 
The hydride transfer reaction 15 provides a limit for the hetero-
lytic bond energy, D[(C0)5Mn+-H-] ~ D[(CH3 ) 3Si+-H-] = 220.1 ± 
0. 7 kcal/mol. 28 
Proton Affinity and Methyl Cation Affinity of (CO) Mn-. The 
negative ions x- = F-, Cl- and CF3co; all react with (C0) 5MnH 
according to eq. 16. The reverse of reaction 16 is not observed in a 
(16) 
10:1 mixture of CF3COJI with (C0) 5MnH at a total pressure of 
4. 4 x 10-7 Torr. After 500 msec the 1. 3:1 ion intensity ratio of 
(C0) 5Mn- to CF3Co; indicates D[(C0) 5Mn--H+] ~ D[CF3co; -H+] -
1. 8 kcal/mol. 
For x- = I- reaction 16 did not occur. Rather, the reverse 
reaction, in which (C0) 5Mn- (produced from M~(C0)10 ) abstracts a 
proton from HI to give I- is observed, indicating D [ (C0) 5Mn- -H+l > 
D [I- -H+] • Equilibrium could not be established in a mixture of 
(C0) 5MnH and HI, since the (C0) 5Mn- reacted rapidly with a trace of 
chlorine-containing neutral contaminant. 
The proton affinity of (C0) 5Mn- is bracketed between 314. 3 and 
320.9 kcal/mol; D [(C0) 5Mn- -H+] = 318 ± 3 kcal/mol is assumed. 29 
The absence of additional reference species with an acidity within 
this range precluded further refinement of this value. 
The negative ions x- = F- and Cl- react with (C0) 5MnCH3 , 
reaction 17. For x- = I- the reverse reaction is observed. For 
x- = Br- the reaction is not observed to proceed in either the forward 
28 
(17) 
or reverse direction; apparently it is much too slow to be observed for 
this particular combination of nucleophiles on the ICR time scale. The 
methyl cation affinity is thus bound between that of I- and Cl-, 211. 8 and 
224. 5 kcal/mol, respectively. 30 A value for D [ (C0) 5Mn--CH~] = 
218 ± 6 kcal/mol is assumed. 
29 
Discussion 
~
Mass Spectra and Ion Molecule Chemistry. The most prevalent 
...................... ~ ............................................ ~ .......................... ~ 
feature of the positive ion-molecule reactions of organometallics such 
as (C0) 5 Fe, 31 (C0) 4Ni, 32 ( 17 5 -C5H5) 2 Fe, 33 ( 17 5 -C5H5) 2Ni, 34 and 
( 17 5-C5H5)Ni(N0) 28 is the rapid clustering to form multi-nuclear metal 
ions; this is the case for (C0) 5MnH and (C0) 5MnCH3 as well. The 
evidence for formation of electronically excited Mn + by electron impact 
ionization is not unique to these molecules; Fe+ formed from (C0) 5 Fe 
undergoes charge-transfer with (C0) 5Fe, indicative of excited state 
formation. 
The negative ion mass spectra of these complexes are similar to 
those of other metal carbonyls; 35 no molecular ion is observed, the 
predominant fragmentation occurs by loss of CO, and to a much lesser 
extent loss of the a-bonding ligand occurs. The ion-molecule chemistry 
of these compounds is unusual in that no clustering of the negative ions 
is observed. 
(C0) 5Mn- is not produced from (C0) 5MnH by capture of zero-
energy electrons; this indicates the electron affinity EA [(C0) 5Mn] ~ 
D[(C0) 5Mn-H]. By contrast, (C0) 5Mn- is produced from (C0) 5MnCH3 , 
which establishes EA [(C0) 5Mn] ?!:: D ((C0) 5Mn-CH3 ]. These provide 
limits for the heterolytic bond energies, D [(C0) 5Mn--H+] > 
318.6 kcal/mol, and D[(C0) 5Mn- -cH:] ~ 226.9 kcal/mol; these data 
are consistent with the values D [ (C0) 5Mn--H+ = 318 ± 3 kcal/mol and 
D[(C0) 5Mn- -cH:] = 218 ± 6 kcal/mol determined by reaction of 
nucleophiles with these compounds. 
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Proton Transfer Reactions. Reaction of (C0) 5MnH with proton 
donors follows the pattern of reactivity outlined in the introduction. 
The conjugate acid (C0) 5MnH; is produced from proton donors for 
which PA(B) < 204 kcal/mol. On increasing the exothermicity of the 
proton transfer, with donors for which PA(B) ~ 198 kcal/mol, the 
elimination of H2 takes place. Intermediacy of (C0) 5MnH; in the 
reaction with H2 loss, reaction 7, is evidenced by the collision-induced 
dissociation of this ion to yield (C0) 5Mn+. We assume that the H2 
elimination does not take place with donors for which PA(B) ~ 
198 kcal/mol because it is endothermic. 
The difference in proton affinity values for the onsets of reactions 
6 and 7 establishes the binding energy D[(C0) 5Mn+-H2 l = 6 ± 2 kcal/mol. 
This value can be taken with D [H -H] to give an average value of 
55 kcal/mol for the two metal-hydrogen bond energies. It is noted 
however, that the first bond energy, D [ (C0) 5MnH+ -H] is 87 ± 3 kcal/mol, 
while the second is calculated from eq. 18 to be D [(C0) 5Mn + -H] = 
23 ± 3 kcal/mol. 
D [(C0) 5Mn+ -H] = IP [H] - IP [(C0) 5MnH] + D [H -H] - (198 ± (18) 
3 kcal/mol) 
These thermochemical data are unusual in several respects. 
First, the proton affinity of the hydride is 15 kcal/mol greater than 
that of (C0) 5MnCH3 • This is in direct contrast to all organic bases, 
for which methyl substitution at the protonated center increases the 
proton affinity, typically by 10-15 kcal/mol. 22 Second, the bond 
energy D[(C0) 5MnH+-Hl = 87 kcal/mol, is 20kcal/mol stronger than 
31 
D [(C0) 5MnCH; -Hl, and is the strongest metal-hydrogen bond yet 
measured for a metal complex. 16, 18, 36- 38 Third, either H2 or CO 
may be lost on collisional excitation of (C0) 5MnH;. 
These data suggest there is a strong H -H interaction in 
(C0) 5MnH~; it might best be visualized as H2 coordinated to (C0) 5Mn+, 
with the site of protonation the manganese-hydrogen bond, I, as 
illustrated in Figure 3. The 6 kcal/mol binding energy of H2 is 
comparable to D [Li+ -H2l = 5-6 kcal/mol derived from ab initio SCF 
calculations, 39 and D[CH3CH:-H2 ] = 4 kcal/mol and D[H:-H2l = 
9. 6 kcal/mol derived from high-pressure mass spectrometry. 40 
In each of these examples the H -H bond has not been bro~en. It is 
also in reasonable agreement with D (IrCl(PPh3) 3 -H 21 = 14 kcal/m ol, 16 
the estimated D[(7J 5 -C 5H5) 2Mo-H2 l ~ 16 kcal/mol and D[(7J 5 -C 5H5) 2W-H2 ] 
~ 42 kcal/mol, 19 and D[(PH3) 2 Ft-H2 l ~ 5 kcal/moL41 In these examples 
the H2 bond has been broken to form two sigma bonds to the metal. 
A reaction coordinate for (C0) 5Mn + /H2 is illustrated in Figure 4a, 
in which no information about the activation barrier for unimolecular 
H2 loss can be obtained from these data; the above interpretation 
requires no activation energy in excess of the endothermicity of H2 
loss. The data are, however, consistent with protonation on the metal 
center, site II illustrated in Figure 3, with a strong H-H interaction 
and an activation barrier for H2 loss low enough to be competitive with 
CO loss. 
The protonation reactions of (C0)5MnCH3 are particularly sur-
prising in that the conjugate acid (C0)5Mn(CH3)H+ is produced only 
from proton donors whose proton affinity is substantially below those 
32 
FIGURE 3. Species resulting from protonation on the Mn-R bond, 
site I, and protonation on the metal center, site IT, of (C0) 5MnR. 
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FIGURE 4. a) Energetic relationships between species resulting from 
reductive elimination of H2 from protonated (C0) 5MnH. 
b) Energetic relationships between species resulting from reductive 
elimination of CH4 or CO from protonated (C0)5MnCH3 • 
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which yield (C0) 5Mn + as an abundant ion. We interpret this as evidence 
for two available reactive sites on (C0) 5MnCH3 ; reactions 9 and 10 are 
not competitive in the sense of having common or readily intercon-
verted intermediates. We propose that protonation of the manganese-
methyl bond leads to formation of methane with little or no activation 
barrier; for PA(B) > 203 kcal/mol, methane loss (reaction 9) is not 
observed because it is endothermic. Protonation on the metal center 
forms a kinetically stable protonated complex. Since this species has 
not been observed in solution, we have only indirect evidence 
(C0) 5Mn(CH3)H+ is a hydridomethyl species. This includes: first, 
protonation of methyl or hydrido complexes in solution results in 
hydridomethyl or dihydrido ions of cis conformation. 4' 42 Second, the 
manganese hydride bond dissociation energy of 67 ± 3 kcal/mol is 
comparable to those of other first-row transition metal hydrides. 36 
Third, (C0) 5Mn(CH3)H+ does not react further with bases present, an 
indication of full (18-electron) coordination at the manganese. This 
indicates the 15 ± 2 kcal/mol difference in proton affinity values for 
the onsets of reactions 9 and 10 is the endothermicity of oxidative 
addition of CH4 to (C0) 5Mn+. 
Decomposition according to reaction 11, in which CO is lost in 
preference to CH4 , indicates D [(C0) 4Mn(CH3)H+ -COl ~ 7 kcal/mol. 
Again, this value depends only on the difference in the proton affinity 
values for the onsets of reaction 10 and 11. The loss of CH4 is not 
competitive with CO loss in collision-induced dissociation. Uni-
molecular reductive elimination of methane from (C0) 5Mn(CH3)H+ 
must therefore have an activation energy for CH4 elimination in excess 
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of 7 kcal/mol. These results are summarized in Figure 4b, in which 
the activation energy Ea for elimination of methane cannot be deter-
mined from these experiments. 
~o~!l ... t2.§9!~tJ.?!l~~~· (C0) 5MnCH3 in solution reacts 
with acids with elimination of methane;15 ' 42 a reaction mechanism 
involving oxidative addition of undissociated acid followed by reductive 
elimination of methane has been suggested. 15 (C0) 5MnH reacts with 
neat H03SCF3 to yield H2 and [Mn(CO):] [03SCF;l; no mechanism is 
proposed for this reaction. 43 These observations are in agreement 
with the thermodynamic instability of (C0) 5Mn(CH3)H+ predicted from 
t~ese studies. The 6 kcal/mol binding of H2 to (C0) 5Mn +observed 
in the gas phase could easily be countered by an ion-pair association 
of [03SCF;] with [(C0) 5Mn+l in solution. 
Examples of the difference in stability between the isoelectronic 
dihydrides and hydridomethyl complexes can be found. 2- 4, 10 
Protonation of [P(OCH3) 3 ] 4CoCH3 in methanol or acetone leads to rapid 
(ca. 31% complete in 10 min at -70°) methane evolution; the presumed 
intermediate, [P(OCH3) 3 ] 4Co(CH3)H+, is not detectable. 4 Protonation 
of [P(OCH3) 3l 4CoH, by contrast, yields [P(OCH3) 3l 4CoH;, which is 
isolable as the PF; salt, and decomposes with a 13.2 hour half-life at 
room temperature. 4 The compounds (7]5 -C5H5) 2W(CH3)H, (C0)40s(CH3)H, 
and (17 5 -C5Me5) 2 Zr(CH2CHMe2)H are also less thermally stable than 
the analogous dihydrides. 2' 3, lO 
go~par!~q_n !g_q~s:P!l~§~_P!o!Qnation_~_l!die§.! The existence of 
....... ~~ ... ~r- ~ ...... ._. ........... ~~-~
two protonation sites is not unique to (C0) 5MnCH3 • Stronger acids will 
protonate ketene in the gas phase to form CH2COH+ as well as the more 
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stable CH3CO+; no information is available on a barrier to isomeriza-
tion. 44 More unusual effects are reported in the protonation of allene 
and propyne, for which reaction with mild protonating agents (H30+, 
C3Ht1 results in C3H: of predominantly the 2-propenyl structure, 
rather than the more stable allyl cation. Increasing the exothermicity 
of the proton transfer (CH~, CJI~ as protonating agents) increases the 
percentage of the allyl isomer. This is interpreted as evidence for 
a barrier not only to interconversion of the allyl and 2-propenyl 
isomers, but also to protonation at the central carbon of allene. 45 
Another example of proton transfer occurring from donors whose 
proton affinity is greater than that of the acceptor, as occurs for 
(C0) 5MnCH3 , is afforded by protonation reactions of trans-2-butene 
and cyclohexene. Trans-2-butene will react with proton donors whose 
prcton affinity exceeds that of trans-2-butene to form the !_-butyl ion. 
Cyclohexene also undergoes a protonation-isomerization reaction to 
yield exclusively the methylcyclopentyl ion. 46 
~1~~-~c ... t~ry ofj_~Qb;M.,.!l:· The large difference between 
D ( (C0) 5Mn + -H] = 23 kcal/mol and D [ (C0) 5MnH+ -H] = 87 kcal/mol 
suggests that (C0)5Mn + has a singlet ground state. Forming the first 
bond to hydrogen requires a substantial electronic, and possibly 
geo~etrical, rearrangement, whereas the radical (C0) 5MnH+ readily 
forms a strong a-bond. Several molecular orbital calculations predict 
the d6 pentacarbonyls to have singlet states with square pyramidal 
(C 
4
v) geometry. 47 The infra-red and electronic spectra of 
[(C0) 5Mn+] [03SCF3-l in H03SCF3 are also consistent with this inter-
pretation. 43 
39 
The oxidative addition of methane can also be broken into two 
steps, eqs. 19 and 20, in which the first bond, whether H or CH3 , is 
much weaker than the second. 
22kcal/mol (CO)sMnCH: +H 67kcal/mol (CO)sMn(CH3)H+ 
(C0) 5Mn+ + CH3 +H (19) 
3 kcal/mol 66 kcal/mol + 
____ .,. (C0)
5
MnH+ + CH
3 
, (C0) 5Mn(CH3)H 
(20) 
tfz~r}d~ ~ff}n_it..1,_of Jf~Mn ~.:... The heterolytic bond energy, 
D[{C0) 5Mn+- H-] = 202± 3 kcal/mol is calculated from the onset of 
H2 loss, reaction 7, by eq. 21. This is the lowest hydride affinity ever 
D((C0) 5Mn+- H-1 = IP(H) + D(H -H) - EA(H)- (198± 3 kcal/mol) 
(21) 
measured; all carbon and silicon ions studied have substantially greater 
hydride affinities. 28 This value is supported by the hydride transfer 
from (C0) 5MnH to (CH3) 3Si+, reaction 15, which demonstrates 
D [(C0) 5Mn +- H-] ~ 220.1 ± 0. 7 kcal/mol. 
Gas Phase Acidity of (C0) 5MnH. (C0) 5MnH is an e~remely strong 
acid in the gas phase, with D[(C0) 5Mn-- H+] = 318 ± 3 kcal/mol, 
making its acidity comparable to that of HI and HBr. By contrast, 
(C0) 5MnH in aqueous solution is only weakly acidic, with a pka = 7 .1. 48 
This difference is due to the very poor solvation of (C0) 5Mn-. 
The strong gas-phase acidity results from a weak manganese-
hydrogen bond and a high electron affinity (EA) of the (C0) 5Mn radical, 
as given in eq. 22. The bond energy D[(C0) 5Mn-H] has been determined 
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in the gas phase by thermochemical data to be 57 kcal/mol. 37 A kinetic 
determination in benzene solution has yielded a higher value, 
64 ± 1 kcal/mol. 38 Using the value D [(C0) 5Mn-H] = 57 kcal/mol in 
eq. 22 yields EA [(C0) 5Mn] = 2. 3 ± 0. 2 eV. 
Ion cyclotron resonance studies of (C0) 5Mn- have indicated no 
"photodisappearance" of the ion when irradiated by photons in the range 
1. 55 to 4.1 eV. 49 This was interpreted as a lack of an optical 
absorption of (C0) 5Mn- within this range, since a number of metal 
carbonyl anions photodissociate by CO loss when irradiated. The 
calculation of a 2. 3 eV electron affinity indicates also that the cross-
section for electron detachment must be extremely small at these 
energies; the vertical electron affinity is substantially greater than the 
adiabatic electron affinity. This is not surprising when the structures 
of the anion and radical are considered. The crystal structure of 
[Ni(1, 1 O-phenanthroline)3 ] [Mn(C0) 5l 2 shows (C0) 5Mn- to be trigonal 
bipyramidal (D
3
h), 50 while analysis of the c-o stretching modes of 
(C0) 5Mn isolated in an Ar matrix has indicated it takes on a square 
pyramidal (C4v) geometry. 51 Changes in the Mn-C and C-0 bond 
distances are also expected. A large difference between the adiabatic 
and vertical electron affinity is evident for SF 6 , with an adiabatic 
electron affinity of 0. 6 ev, 52 but a vertical electron affinity approxi-
mately 3. 1 eV. 53 This large difference arises from an increase of 
about 0.1 A in the S-F bond distances on forming the anion. Another 
example is afforded by (C0) 4Fe-, which gives a very broad photo-
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electron spectrum and only a very weak signal. This ion, for which the 
relaxation energy is expected to be more comparable to that of (C0) 5Mn -, 
showed competition from CO loss at the irradiating energy; no vertical 
EA was reported, and the adiabatic EA is difficult to assign. 54 
~t~ 9~~~f_!i~i_!¥ o! if91~!l--. The determination of 
D [ (C0) 5Mn- -cH:l = 218 ± 6 kcal/mol is somewhat disappointing in that 
no reaction could be identified in mixtures of CH3Br with (C0) 5MnCH3 , 
causing the rather large error limits. The slowness of the reaction 
is not unexpected; net only is Br-a poor nucleophile, 55 but (C0) 5Mn-, 
with a low methyl cation affinity, substantial charge de localization, and 
high polarizability, is as well. In addition, the reaction rates are 
particularly small when CHt transfer is nearly thermoneutral, as is 
the case here. 55 
~X.:~~h~i~~r .. a}~:ur~~~ The 
protonation reactions 7 and 9 both yield (C0) 5Mn+ from (C0) 5MnH and 
(C0) 5MnCH3 , respectively. The difference in the proton affinity values 
for the onsets of these reactions links the heat of formation of the 
neutral reactants, as given in eq. 23. This can also be expressed as a 
0 0 ~Hf [(C0) 5MnH] = tJif [(C0)5MnCH3l + (12 ± 2) kcal/mol (23) 
difference in the manganese-hydrogen and -methyl bond energies, eq. 24. 
D[(C0) 5Mn- H] = D((C0)5Mn-CH3 ] + (5 ± 2) kcal/mol (24) 
Reactions 16 and 17 produce the common ion (C0)5Mn- from 
(C0) 5MnH and (C0) 5MnCH3 , respectively. Just as with the proton 
affinity data, these give the difference of the bond energies in the 
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neutral complexes, eq. 25. 
3.1 kcal/mol < D[(C0) 5Mn-H] - D[(C0) 5Mn-CH3 ] < 23. 2kcal/mol 
(25) 
The bond energy difference of 5 kcal/mol in eq. 24 provides a 
5 kcal/mollimit for EA [(C0) 5Mn], which is determined from the zero-
energy electron negative ion mass spectra to be between the manganese-
hydrogen and -methyl bond energies. 
Reaction 5, in which (C0) 5MnH; is produced from reaction of 
(C0) 5MnH+ with (C0) 5MnH, indicates D[(C0) 5Mn-H] ~ D[(C0) 5MnH+-H]. 
This is consistent with the values D KC0) 5Mn- Hl = 57 kcal/mol and 
D [ (C0) 5Mn~ -Hl = 87 kcal/mol cited above. 
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Conclusions 
~
These studies are important in providing quantitative data 
pertaining to a variety of processes important in catalytic and synthetic 
organometallic chemistry. These include an understanding of the 
energetics and electronic changes on oxidative addition of CH4 and H2 
to a metal center. The addition of CH4 to (C0) 5Mn + is endothermic; a 
substantial amount of energy is required for the electronic excitation 
necessary to form two a -bonds to the metal complex. Addition of H2 
to (C0) 5Mn+ is exothermic, with a strong H-H interaction in large part 
responsible for this difference. We expect these conclusions are 
generally applicable to oxidative addition to complexes for which the 
ground state is a singlet. 
The dual nature of a transit ion metal hydride is highlighted by 
the heterolytic bond energies, D[(C0) 5Mn+ -H-] = 201 kcal/mol and 
D[(C0) 5Mn- -H+l = 318 kcal/mol; that is, the molecule is both very 
"hydridic" and very "acidic". 
A determination of the difference in the sigma bond energies in 
the neutral complexes is provided both by the protonation reactions and 
the reactions with negative ions; the proto nation reactions yield 
D[(C0)5Mn-H] = D[(C0)5Mn-CH3 l + (5 ± 2} kcal/mol. These data are 
in serious disagreement with the reported values D [(C0) 5Mn-CH3 ] = 
31 ± 3 kcal/mol56 and D[(C0)5Mn-H] =57 kcal/mol. 37 Although these 
values are based upon thermochemical heats of formation, which 
require substantial auxiliary data (e.g. , heats of vaporization and heat 
capacities of the metal complexes), it is difficult to assess why these 
determinations may be in error. 
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There are only a handful of other transition metal species for 
which thermochemical data exist for both the hydride and the methyl 
compound. These include: D[Co-Hl = 39 ± 6 and D[Co-CH3 ] = 
41 ± 10 kcal/mol,57 D(Mo-H)- D(Mo-CH3) = 24.5 ± 1. 5 kcal/mol for 
(77 5 -C5H5) 2MoH2 and (77 5 -C5H5)Mo(CH3) 2 , D(W-H) - D(W-CH3) = 
25.4 ± 1. 4 kcal/mol for (ry5 -C5H5) 2WH2 and (ry5 -C5H5) 2W(CH3) 2 , (for which 
D indicates the average bond energy), 19 and D(Ir-H) - D(Ir-CH3) = 
13.6 ± 4. 4 kcal/mol in the compounds resulting from cis addition of HI 
and trans addition of CH3I to trans- [IrCl(CO)(P(CH3) 3) 3]. 20 Both the 
wide range in magnitude of these data, as well as the diverse nature of 
the complexes for which they are available, make it clear that the 
problem of relative metal-hydrogen and -methyl bond energies is only 
just being probed. 
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DETERlvliNATION OF METAL HYDROGEN BOND DISSOCIATION 
ENERGIES BY THE DEPROTONATION OF TRANSITION METAL 
HYDRIDE IONS: APPLICATION TO MnH+ 
Amy E. Stevens and J. L. Beauchamp 
Arthur Amos Noyes Laboratory of Chemical Physics t, 
California Institute of Technology, Pasadena, California 91125, USA 
Ion cyclctron resonance trapped ion techniques are used to 
examine the kinetics of proton transfer from MnH+ (formed as a 
fragment ion from HMn(C0) 5 by electron impact) to bases of varying 
strength. Deprotonation is rapid with bases whose proton affinity 
exceeds 196 ± 3 kcal mol-1 • Using this value for PA Crvin) yields the 
homolytic bond dissociation energy D {Mn+ -H) =53± 3 kcal mol-1 • 
t Contribution No. 6328. 
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1. Introduction 
~
Transition metal hydrides are of considerable theoretical 
interest since they are the simplest species which can be studied to 
better understand the nature and energetics of sigma bonding in 
transition metal compounds (1-31. Experimental interest in these 
species results, for example, from their observation in spectra of 
stellar atmospheres [3, 4], their importance as reactive intermediates 
in homogeneous and heterogeneous catalysis [5], their use in hydrogen 
storage systems [61, and their involvement in schemes for intercon-
version of H2 , 0 2 and H20 [7]. Despite this, very little information 
is available concerning metal hydrogen bond strengths. Several new 
approaches to this problem have been explored in our laboratories 
[8-10]. 
In the present work we demonstrate that studies of the kinetics 
of deprotonation of diatomic transition metal hydride ions, reaction 1, 
in which M =metal and B is a neutral n-donor base, can be used to 
MH+ + B .... BH+ + M 
quantify the base strengths {proton affinities) of metal atoms and 
provide metal hydrogen homolytic bond dissociation energies, 
(1) 
D0 [M+ -H]. The energetics of B and BH+ are well characterized for 
a wide range of n-donor bases [11-12]. An examination of process 1 
thus links the heats of formation of M and MH+. Other examples where 
this experimental methodology has been successfully applied include 
determination of the heats of formation of CF2 [131 and (CH3) 2 SiCH2 [14] 
by examining deprotonation reactions of the corresponding conjugate acids. 
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~. Ex_EeriJ!lental 
.............. ... ... ~ ........... 
The experimental techniques and instrumentation for ion 
cyclotron resonance spectroscopy (icr) have been described in detail 
[15]. All experiments were performed at ambient temperature (- 25 • C 
in the icr cell). Pressures were measured using a Schulz- Phelps gauge 
calibrated at higher pressures against a Model 90Hl-MKS 
Instrument capacitance manometer. Estimated accuracy of pressure 
measurements is ±20%, which determines the accuracy of rate constants. 
HMn(C0)5 was prepared as described in the literature and 
purified by degassing the sample held at -78 o until no impurities were 
detected in the mass spectrum [161. This species slowly decomposes 
to yield trace amounts of H2 , CO, C02 , and M~(C0)10 , which do not 
interfere with the present experiments. Formaldehyde was prepared 
by thermal cracking of the trimer and purified by vacuum distillation. 
All other samples were obtained from commercial sources and used as 
supplied except for degassing at liquid nitrogen temperature. 
Manganese hydride ion is observed as a fragment in the mass 
spectrum of HMn(C0) 5 , comprising 1 OOk of the total ion abundance at 
70 eV. This species reacts with the parent neutral (k = 1.1 x 10-9 cm3 
molec-1 s-1) as indicated in equation 2. In the presence of a sufficiently 
(2) 
strong n-donor base the disappearance of MnH+ is more rapid. This is 
54 
shown for the case of isopropyl cyanide in Figure 1. By taking the log 
of the ratio of the MnH+ signal intensity with and without added base 
(Figure 2), the rate of the proton transfer reaction 3 is determined to 
(3) 
be 1. 5 x 10-e cm3 molec-1 s-1 • Continuous ejection of MnH+ leads to a 
decrease in the abundance of (CH3 ) 2CHCNH+ which quantitatively 
accounts for the removal of MnH+ and confirms the proton transfer 
process. 
Measured proton transfer rates are summarized in Table 1, and 
compared to the calculated collision rates using the ADO analysis of 
Bowers and coworkers (17] . These quantities are illustrated 
graphically in Figure 3 as a function of the proton affinity of the 
organic base. All proton affinity data are relative to PA(NH3) = 
207. 0 kcal mol-1 • This value is the subject of controversy, but almost 
certainly is between the limits of 204 and 209 kcal mol-1 [12]; this is 
the major uncertainty in PA (Mn). 
Where proton transfer is thermoneutral, proton transfer is 
expected to occur at about half the collision frequency. This point is 
indicated in Figure 3, from which PA(Mn) = 195.5 ± 2. 5 kcal mol-1 is 
taken. Using IP(Mn) = 7. 43 eV [18], a metal hydrogen homolytic bond 
energy D0 (Mn+-H) = 53 ± 3 kcal mol-1 is derived. This is compared 
with other recently determined transition metal hydrogen bond 
dissociation energies, D0 (M+ -H), in Table 2 [8, 9, 19]. 
Several complications in these experiments deserve comment. 
Electronically excited transition metal ions are formed in reasonable 
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FIGURE 1. Variation of the abundance of MnH+ with time, following a 
70 eV, 10 msec. electron pulse. The upper curve depicts the decay of 
MnH+ in the presence of 1.5 x 10-7 Torr HMn(C0) 5 • The lower curve 
illustrates the increased rate of decay when 1. 7 x 10-7 Torr of 
(CH3) 2CHCN is added. 
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FIGURE 2. Ratio of the MnH+ signal with and without added (CH3) 2 CHCN 
as a function of time. Conditions are as in Figure 1. 
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Table 1 
Rate Constants for Reaction of Proton Acceptors with MnH+ 
Proton Acceptor 
B 
NH3 
(CH3CH2) 20 
(CH3) 2CO 
(CH3) 2CHCN 
(CH3) 20 
CH3CN 
CH3CHO 
CH30H 
CH20 
k x 109 a) 
' cm3 molec-1 s-1 
1.3 
1.1 
1.1 
1.5 
0.31 
no reaction 
no reaction 
no reaction 
no reaction 
b) 
k/kADO 
0.74 
0.75 
0.50 
0.58 
0.21 
0.0 
0.0 
0.0 
0.0 
a) The limit of detection is k = 10-u cm3 molec-1 s-1 • 
b) Calculated from the formula given in ref. [17]. 
c) From refs. [11] and [12]. 
PA(B)c) 
kcal mol -l 
207.0 
202.1 
198.6 
196.9 
194.8 
191.7 
189.1 
186.9 
179.3 
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FIGURE 3. Rate constants as a function of proton affinity of B for 
the reaction MnH+ + B ..... BH+ + Mn. The open circles are the 
measured rate constants. Closed circles are the measured rate 
constants divided by the encounter rate, k/kADO. 
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Table 2 
Proton Affinities, Ionization Potentials, Metal-Hydrogen and 
Metal-Methyl Homolytic Bond Energies of Transition Metal Atoms 
Metal 
M 
Mn 
Fe 
Co 
Ni 
PA(M) 
kcal mol -1 
196 ± 3b) 
184 ± 5d) 
181 ± 2e) 
a) From ref. [18]. 
b) This work. 
c) From ref. [19] • 
d) From ref. [8]. 
e) From ref. [9]. 
IP(M)a) 
ev 
7.43 
7.86 
7.63 
D0 (M+-H) 
kcal mol 
53± 3b) 
52± 4d) 
43 ± 2e) 
-1 
D0 (M+-CH3) 
kcal mol-1 
>48 ± 3b) 
62 ± 6c) 
61 ± 4d) 
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abundance in the fragmentation of organometallic compounds. These 
species exhibit enhanced reactivity. In the mixture of formaldehyde 
with HMn(C0}5 , addition of the organic base leads to an increase in 
the MnH+ signal which double resonance experiments indicate to come 
from Mn +, reaction 4. Continuous ejection of Mn + eliminates this 
{4) 
contribution, and no increased decay of the MnH+ signal is observed 
with added CH20 (k < 10-
11 
cm
3 
molec-1 s-1). Using the above bond 
energy, reaction 4 is endothermic by- 37 kcal mol-1 • The lowest 
excited state of Mn + with sufficient energy to render process 4 
exothermic is a 5D at 1. 78 eV { 41 kcal mol-1) [18]. 
Proton transfer is generally a facile process. In the deprotona-
tion of MnH+ with sufficiently strong bases this is the only observed 
reactive pathway. With weak bases the protonation is endothermic, 
and other reactions may be observed. In the case of CH3CHO, for 
example, MnH+ decays when the neutral base is added to the system, 
even though no proton transfer is observed. Process 5 is identified by 
-10 3 -1 -1 double resonance, and a rate constant of 2. 8 x 10 em molec s 
{5) 
is obtained from an analysis of the temporal behavior of ion concen-
trations. The neutral products are not identified; the only reasonable 
alternate product in reaction 5 is CH20, which has nearly the same 
heat of formation as H2 and CO. 
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The decarbonylation of aldehydes has been observed with other 
transition metal complexes [20] and atomic ions [21]. The usual 
process yields the metal carbonyl, via the scheme presented in 
Figure 4. In the case of MnH+ the presence of a hydrogen on the 
metal center allows for the reductive elimination of H2 , presumably 
before the methyl group transfers to the metal center, as is also 
shown in Figure 4. As a result, the product MnCH: is observed 
instead of the carbonyl. Using the derived MnH+ bond energy, 
reaction 5 indicates D0 (Mn+ -CH3 ) ~ 48 ± 3 kcal mol-1 • This is in 
keeping with other reported metal-methyl bond energies, which are 
given in Table 2. 
The long time scale of trapped ion icr experiments makes 
necessary the consideration that vibrationally or electronically excited 
ions will relax radiatively; this phenomenon has been observed 
indirectly in a number of other experiments [22-25]. A major concern 
here is with the possibility that excited species participate in the 
observed deprotonation reactions. For an inhomogeneous ion population 
with varying reactivity, a non-linear log plot (of the type shown in 
Figure 2) would be attained. In no instance is this observed, and the 
involvement of excited MnH+ is ruled out. 
It is interesting to compare D( Mn +-H) to the bond energies in 
related neutral molecules. For main group hydrides, · the bond energy 
in the ion is typically 10-15 kcal mol-1 stronger than in the isoelectronic 
neutral (11]. Our data would indicate that D0 ( Cr-H) ~ 53 kcal mol-1 • 
In addition, combining our data with IP(MnH) would yield the bond 
energy D0 (Mn-H); this ionization pctential has not been reported. 
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FIGURE 4. Mechanism of decarbonylation of aldehydes by transition 
metal ions, and mechanism of decarbonylation by a transition metal 
hydride ion. 
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A consideration of the electronic structure of MnH [1] indicates the 
electron lost on ionization is an s-p hybrid somewhat antibonding with 
respect to the Mn-H bond. This suggests IP(MnH) < IP(Mn), from 
which it follows that D0 (Mn-H) < D0 (Mn+ -H) = 53 kcal mol-1 • Gaydon 
[26] has estimated D0 (Cr-H) = 66 ± 12 kcal mol-1 and D0 (Mn-H) = 
55 ± 7 kcal mol-1 , by using a linear Birge-Sponer extrapolation of the 
v = 0-2 vibrational levels for these molecules. This extrapolation 
appears to be seriously in error for transition metal hydrides, which 
is not unexpected considering the major assumptions involved in its use. 
4. Conclusion 
·--------~ 
The present work demonstrates that studies of the kinetics of 
deprotonation reactions of metal hydride ions form the basis of an 
experimental method for the determination of metal atom base strengths 
and metal-hydrogen bond dissociation energies. This complements 
other techniques, which include protonation of the neutral metal, an 
analysis of thresholds for endcthermic reactions, and extrapolations 
of spectroscopic data. 
The ion MnH+ is isoelectronic with CrH and very likely has the 
same 
6~+ ground state [27]. Deprctonation yields the 6S ground state 
of the atom derived from the configuration ~d5 • The reaction is thus 
expected to occur on a single electronic surface to yield ground state 
products. This may contribute to the almost ideal behavior of the 
MnH+ system, and is not unexpected for many other metal hydride ions. 
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Chapter IV 
Photoionization Mass Spectrometry of (C0) 5MnR, R = H, 
CH3 , CH2 F, CHF2 , and CF3 • Determination of the Relative 
Metal-Hydrogen and Metal-Carbon Bond Energies D[(C0) 5Mn-Rl, 
the Metal-carbene Bond Energies D[(C0) 5Mn+ -CXY], X, Y=H, F 
and the Fluoride and Hydride Affinities, D [(C0) 5MnCXY+ -X-]. 
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Abstract 
...... _...._ 
Photoionization mass spectrometry is utilized to measure the 
ionization potentials and selected fragment ion appearance potentials 
of (C0}5MnR where R = H, CH3 , CH2F, CHF2 and CF3 • A comparison 
of the appearance potential of (C0) 5Mn + from all five species yields 
the metal-carbon bond dissociation energies relative to the metal-
hydrogen bond dissociation energy with no additional thermochemical 
data. Using the literature value D0 [(C0} 5Mn-H] =57 kcal/mol gives 
D0 [(C0) 5Mn-R] = 44, 32, 33, and 42 kcal/mol, respectively. 
Fragmentation thresholds for the metal carbene fragment ions 
(C0) 5MnCXY+ where X, Y = H or Fare analyzed to yield the fluoride 
and hydride affinities of these species. Ion cyclotron resonance 
spectroscopy is used to examine hydride and fluoride transfer 
reactions involving these carbenes to corroborate the photoionization 
data. The carbene bond dissociation energies D0 [(C0) 5Mn+ -CXY] 
decrease from 104 to 98 to 82 kcal/mol with successive substitution 
ofF for H. 
75 
Introduction 
.... ... ...... _..._ ... """ 
Any discussion of processes such as oxidative addition, reductive 
elimination, or migratory insertion, which are elementary steps in 
complex catalytic transformations, has been hampered by an almost 
complete lack of thermochemical characterization of organometallic 
complexes. Accurate thermochemical data would greatly enhance our 
understanding of processes such as hydrogenation, hydroformylation, 
Zeigler-Natta polymerization, olefin metathesis, and carbonylation, 
and aid in the design of selective catalyst systems for carrying out 
these transformations. 
The use of indirect spectral evidence and, more generally, 
structure-energy relationships to rationalize and correlate observed 
patterns of reactivity has met with some success but may have its 
limitations in application to organometallic systems. All too often 
the nebulous concept of "stability" is substituted for a quantitative 
knowledge of bond enthalpies and activation energies. An example is 
afforded by comparison of transition metal perfluoroalkyl, alkyl, and 
hydride complexes. Perfiuoroalkyls decompose at much higher 
temperatures, and are more stable with respect to oxidation than their 
alkyl analogues. 1 Reactivity patterns of these compounds vary; for 
(C0)5MnCH:H ~ = -12.6 kcal/mol is reported for reaction 1;the reaction 
(C0)5MnR + CO _,. (C0) 5MnC(O)R (1) 
is reversible at room temperature. 2 Only the reverse, decarbonylation, 
is observed for R = CF3 • 3' 4 The _formyl complex (R =H) · has not been 
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detected, but is the postulated intermediate in the rapid reaction (0°) of 
acetic [13C] formic anhydride with Na +[(C0) 5Mn -1 to yield 13CO sub-
stituted (C0) 5MnH. 5 These patterns of reactivity, also apparent with 
other complexes, have led to the hypothesis that the bond energies 
decrease in the order D[(C0) 5Mn-H] > D[(C0) 5Mn-CF3 ] > 
D[(C0) 5Mn-CH3l. These conclusions are supported by the proton nmr 
of (C0) 5MnCH3 , (C0) 5MnCH2 F, and (C0) 5MnCHF2 , in which an increased 
metal-carbon bond order is postulated to account for the large down-
field shift of the alkyl hydrogens on increasing fluorine substitution. 3 
. 
A decrease of about 100 em -l in the carbon-fluorine stretching 
frequencies in (C0) 5MnCF 3 as compared to the trifiuoromethyl halides 
is taken as evidence of a 1r interaction strengthening the (C0) 5Mn-CF 3 
bond relative to D[(C0) 5Mn-CH3]. 6 Finally, structural data in a 
number of complexes indicates metal-perfluoroalkyl bonds are con-
sistently slightly shorter than the metal-alkyl bonds. 7 
Similar arguments have been applied to a discussion of hetero-
atom "stabilized" metal carbene complexes as compared to the carbenes 
which contain only C and H (alkylidene complexes). 8 
In the past several years some data have been reported which 
provide metal-alkyl and metal-hydride bond strengths. 9- 16 
Determination of metal-carbene bond energies is very limited. 
Connor has reported values for the bond energies for the penta-
carbonylmanganese derivatives D[(C0) 5Mn-H] =57 kcal/mol, 
D[(C0) 5Mn-CF3] = 37 kcal/mol, and D[(C0) 5Mn-CH3 ] = 33 kcal/mol, 
derived from thermochemical heats of formation, from reaction 
calorimetry. 12 Halpern reports a value D [(C0) 5Mn-H] = 64 kcal/mol, 
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determined by the solution kinetics of H atom transfer to a -methyl 
styrene. 14 Studies in these laboratories of the gas-phase protonation 
reactions of (C0) 5MnH and (C0) 5MnCH3 indicate that D [(C0) 5Mn-H] = 
D[(C0) 5Mn-CH3 ] + 5 ± 2 kcal/mol. 16 
Electron impact and photoionization mass spectrometry (PIMS) 
can be used with varying degrees of success to provide accurate heats 
of formation and bond dissociation energies for organometallic neutrals 
and ions. Of the two techniques the latter is greatly preferred in terms 
of favorable threshold laws for ionization, greater sensitivity and 
higher energy resolution. A noteworthy example of previous studies is 
the PIMS investigation of (C0) 5 Fe, which has provided the ionization 
potential IP[{C0) 5Fe] = 7.98 ± 0.01 eV, and the appearance potentials 
(AP) of each of the fragments resulting from loss of CO, including 
AP[Fe+] = 14.03 ± 0.1 ev. 17 This can be compared to AP[Fe+l = 
13.79 ± 0.1 eV calculated from the heats of formation of (C0) 5Fe, 9 CO, 
and Fe+. By contrast, electron impact thresholds of 14.7 to 16.1 eV 
have been reported for Fe+ from (C0) 5 Fe. 17 Clearly, PIMS studies 
provide an excellent method for determining ionization potentials as 
well as appearance potentials of high-energy fragments. 
We report here a PIMS study of (C0) 5MnR, R = H, CH3 , CH2F, 
CHF2 , and CF3 • These data provide the ionization potentials for each 
of the compounds. Differences in the thresholds for reaction 2 provide 
(2) 
directly, with no additional thermochemical data, the differences in the 
neutral bond energies, D[(C0) 5Mn-R]. 
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Fragmentation of the fluoroalkyls by F loss leads to formation 
of the carbenes (C0) 5MnCXY+, where X, Y = H or F. Thresholds 
measured for these processes are combined with other data to 
calculate the metal carbene bond dissociation energies 
D [(C0) 5Mn + -CXYl. In addition, the hydride and fluoride affinities of 
the carbene ions are calculated. The latter results are corroborated 
by an ion cyclotron resonance investigation of hydride and fluoride 
transfer reactions involving these species. 
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The California Institute of Technology-Jet Propulsion 
Laboratory photoionization mass spectrometer used in this study is 
described in detail elsewhere. 18 The instrument consists of a 
differentially pumped high-pressure light source, a 1-m normal 
incidence monochromator (McPherson Model 225), a differentially 
pumped ionization chamber and a quadrupole mass spectrometer 
equipped with a Channeltron electron multiplier for ion counting. 
Light · intensities were measured using a sodium salicylate scintillator 
and a cooled photomultiplier; the relative quantum efficiency of the 
scintillator was assumed constant over the wavelength region scanned. 
An osmium-coated grating blazed at 1200A and ruled with 1200 lines 
mm-~ was used in first order for the present experiments. Other 
operating conditions include: resolution, 1 A; repeller field, 0. 5 V em -l; 
ion energy for mass analysis, 9. 5-10 eV; source temperature, ambient 
(22° C); sample pressure, typically 1. 4 - 3. 0 x 10-4 Torr. The 
hydrogen many-line spectrum was utilized for the wavelength range 
examined (1520 -1100 A). Average ion lifetimes prior to mass analysis 
and detection are in the range 20-30 IJ. sec. 
Checks involving systematic variation of pressure and repeller 
field insured that collision induced dissociation and ion-molecule 
reactions did not contribute to the observed photoionization efficiency 
curves. 
Fluoride and hydride transfer reactions were examined using the 
techniques of ion cyclotron resonance spectroscopy. 19 This work 
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employed an instrument built in our laboratories and utilizes a 15-in 
electromagnet capable of 23. 4 kG maximum field. Standard marginal 
oscillator detection was employed. All reactions were identified by 
double resonance techniques; neutrals are not detected. 
(C0) 5MnH was prepared by reaction of Na+((C0) 5Mn-l with 
phosphoric acid. 2° Final purification was effected by pumping in the 
sample held at -78 o until no impurities were observed in the mass 
spectrum. (C0)5MnCH3 was prepared by reaction of Na+[(C0) 5Mn-] 
with CH3I and purified by sublimation;
21 no impurities were observed 
in the mass spectrum. 
(C0)5MnC(O)CF3 , 4 (C0) 5MnC(O)CHF2 , 3 and (C0) 5MnC(O)CH2 F3 
were prepared by reaction of trifluoroacetic anhydride, difluoroacetyl 
chloride, 22 and monofluoroacetyl chloride22 with Na +[(C0) 5Mn -]. 
The fluoroalkyls were prepared by repeated decarbonylation of the 
acyl compounds at 90°, and purified by sublimation. 3' 4 The mass 
spectra of these compounds were checked on the PTh!S at 1250 and 
1300 A for the ion (C0)6Mn+ which is unique to the acyl species; this 
ion was not detected. 
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Photoionization Studies. The photoionization efficiency curves 
.-..-. ~.-. ..... .._ ......... ....._.,, 
for the parent, (C0) 5Mn+, and (C0) 5Mn(CXY)+ ions in the region of 
their thresholds are illustrated in Figures 1-5. The adiabatic 
ionization potentials and appearance potentials of the fragments are 
identified in the Figures and summarized in Table I. Complete break-
down diagrams for these species were not recorded. Loss of CO is a 
low-energy process in the fragmentation of all the complexes. Photo-
ionization efficiency curves for these and other fragments were not 
recorded in order to minimize exposure of the instrumentation to the 
organometallic compounds. 
Evaluation of ionization thresholds requires consideration of the 
contribution of thermal internal energy of the neutral to the dissociation 
process as well as the possibility of a significant kinetic shift. These 
phenomena have been discussed in detail in the literature. 23 , 24 
The initial thermal energy in the parent neutral contributes to 
the total internal energy of the molecular ion and folds a Maxwellian 
energy distribution into the threshold curve. The resulting low-energy 
"tail" on the fragment ionization efficiency curve causes the apparent 
threshold to be shifted to lower energies by an amount equal to the 
mean thermal energy content of the parent molecule. These effects 
have been confirmed for fragmentations in the lower alkanes. 24 
The second effect, that of kinetic shift, is defined as the dis-
placement of the apparent threshold to higher energy by an amount 
appropriate to raise the dissociation rate to the level at which the 
fragment ions can be detected. This effect is opposite in direction and 
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FIGURE 1. Photoionization efficiency curves for the molecular ion 
and (CO)sMn + in (C0) 5MnH. 
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FIGURE 2. Photoionization efficiency curves for the molecular ion 
and (C0) 5Mn+ in (C0) 5MnCH3 • 
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FIGURE 3. Photoionization efficiency curves for the molecular ion, 
(C0) 5Mn+, and (C0) 5MnCH: in (C0) 5MnCH2F. 
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FIGURE 4. Photoionization efficiency curves for the molecular ion, 
(C0) 5Mn+, and (C0) 5MnCHF+ in (C0) 5MnCHF2 • 
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FIGURE 5. Photoionization efficiency curves for the molecular ion, 
(C0) 5Mn+, and (C0) 5MnCF: in (C0) 5MnCF3 • 
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Table I. Ionization Potentials and Appearance Potentials Determined 
by Hlotoionization Mass Spectrometry for (C0) 5MnR. 
Compound 
(C0) 5MnH. 
(C0) 5MnCH3 
(C0) 5MnCHF2 
(C0) 5MnCF3 
Ion 
(C0) 5MnH+ 
(C0) 5Mn+ 
(C0) 5MnCH: 
(C0) 5Mn+ 
(C0) 5MnCH2F+ 
(C0) 5Mn+ 
(C0) 5MnCHt 
(C0) 5MnCHF: 
(C0) 5Mn+ 
(C0) 5MnCHF+ 
(C0) 5MnCF~ 
(C0) 5Mn+ 
(C0) 5MnCF: 
IP or AP, ev 
8. 52 ± 0. 03 
10.3 ± 0.1 
8. 33 ± o. 03 
9. 75 ± 0. 05 
8.35±0.03 
9. 20 ± 0. 05 
9. 75 ± 0.1 
8. 65 ± 0. 03 
9. 25 ± o. 05 
9. 7 ± 0.1 
8. 90 ± 0. 03 
9. 65 ± 0. 05 
9.9 ± 0.1 
a) From the photoelectron spectrum. 25 
b) From the photoelectron spectrum. 26 
8. 55 ± 0.1a 
b 8.3 ± 0.1 
b 8.9 ± 0.1 
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often comparable in magnitude to the effect of thermal energy, leading 
to fortuitous cancellation of error. In our instrument the fragmentation 
4 5 -1 . f rate must be greater than 10 -10 s to enable detection o the lowest 
energy fragment. This is an order of magnitude less than the rates 
. necessary for detection on magnetic sector instruments. For frag-
mentations analogous to process 2 in systems of similar size, kinetic 
shift effects have been calculated to be less than the quoted error of 
our thresholds. 23 
For higher fragmentations the situation is quite different; 
decomposition rates must compete not only with the rate of extraction 
from the ion source but in addition with the higher rate of fragmen-
tation in the decomposition channel with the lower threshold, and 
kinetic shifts may be substantial. This effect is apparent in the photo-
ionization efficiency curves for the carbene fragments in Figures 3-5. 
The gradual onset makes identification of a threshold difficult and gives 
rise to the substantial uncertainties quoted in Table I for these 
processes. 
Photoelectron spectra of (C0) 5MnH, 25 (C0) 5MnCH3 , 26 and 
(C0) 5MnCF3 26 are reported in the literature. Adiabatic ionization 
potentials estimated from these data are also included in Table I for 
comparison to the PIMS results. 
One concern is that the appearance potentials for the fragment 
ions do not occur at the thermodynamic threshold, but instead are 
determined by the onset of an available excited ion state. 27 Comparison 
of the fragment ion thresholds with available photoelectron spectra 
indicates this is not a complication. 
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The differences in the neutral bond energies, D [(C0) 5Mn-R} 
calculated from the thresholds for appearance of (C0) 5Mn + are 
summarized in Table II. 
The carbene bond energies, Table III, are derived from the 
thresholds for (C0) 5Mn+ and (C0) 5MnCXY+ in conjunction with the 
auxiliary thermochemical data given in Tables IV and V. An example 
of this calculation is given for (C0) 5MnCH: in Scheme I and summarized 
in eq. 3. 
D ((C0) 5Mn+ -CH2 ] = AP ((C0) 5Mn+] - AP ((C0) 5MnCH:] + D[CH2 -F] 
(3) 
Scheme I 
D((C0) 5Mn+ -CH2 ] (C0) 5MnCH: + F -------~ 
AP((C0) 5MnCH:] t 
(C0) 5MnCH2 F --------~ 
(C0) 5Mn+ + CH2 + F t D(CH2 -F) 
(C0) 5Mn + + CH2 F 
The fluoride affinities of the carbenes, D [(C0) 5MnCXY+ -F-] are 
calculated from AP [(C0) 5MnCXY+land the electron affinity of F, 3. 4 eV, 
according to eq. 4, and presented in Table ITI. The hydride affinities 
of the carbenes, D[(C0) 5MnCXY+- H-] are also given in Table m. 
These are calculated somewhat more indirectly; calculation of 
D[(C0)5MnCH:-H-] is given as an example in Figure 6. 
(4) 
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Table II. Comparison of the Bond Energies D[(C0) 5Mn-Rl 
D [(C0) 5Mn-H]- D [(C0) 5Mn-R] D[(C0)5Mn-Rl 
Compound This v.urkb Ref. 12 
(C0) 5MnH 0 57 57 
(C0)5MnCH3 13 ± 3 44 33 
(C0) 5MnCH2 F 25 ± 3 32 
(C0) 5MnCHF2 24 ± 3 33 
(C0) 5MnCF3 15 ± 3 42 37 
a) A 11 data in kcal/mol at 298 K. 
b) Assuming D [(C0) 5Mn-H] =57 kcal/mol. 12 
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Table III. Carbene Bond Energies and the Fluoride and Hydride 
Affinities oft he Carbene Ions a) 
Ion 
(C0) 5MnCH; 
(C0) 5MnCHF+ 
(C0) 5MnCF~ 
104 ± 3 
98 ± 10 
82 ± 3 
a) All values in kcal/mol at 298 K. 
146 ± 3 
145 ± 3 
150 ± 3 
214 ± 5 
184 ± 5 
182 ± 5 
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Table V. Summary of Additional Thermochemical Data Used in this 
Study a 
Species D.Ho f Reference 
CH2 92.4 b 
CHF 30 ± 7 c 
CF2 -44. 0 ± 1. 0 d 
F 18.9 c 
H 52.09 c 
CH2CH2 12.54 c 
CH2CF2 -82. 5 ± 2. 4 e 
CF2CF2 -157.4±0.7 c 
HCO 6. 7 ± 1. 3 f 
CH3CO -5.4 g 
co -26.42 c 
C2HS 25.7 h 
EA(F) 3. 40 ev i 
EA(H) o. 754 ev j 
a. All values in kcal/mol at 298 K except as noted. 
b. Chase, M. W.; Curnett, J. L.; Prophet, H .. ; McDonald, R .. A.; 
Syverud, A. N. J. Phys. Chern. Ref. Data, Suppl. .!11.§., 1, No. 1. 
c. Stull, D. R.; Prophet, H. Natl. Stand. Ref. Data Ser., Nat!.. Bur. 
Stand. 1971, No. 37. 
--
d. Schug, K. P.; Wagner, H. G. Ber. Bunsenges, Phys. Chern. ~' 
82, 719. 
e. Lacher, J. R.; Skinner, H. A. J. Chern. Soc. A, ~~ 1034. 
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Table V. footnotes continued. 
f. Dyke, J. M.; Jonathan, N. B. H.; Morris, A.; Winter, M. J. 
Malec. Phys. ~' 39, 629. 
g. Golden, D. M.; Benson, S. W. Chern. Rev. 1969, 69, 125. 
---- -
h. Kerr, J. A. Chern. Rev. 1966, 66, 465 . 
.........___-
i. Milstein, R.; Berry, R. S. J. Chern. Phys. !!Q, 55, 4146. 
j. Wagman, D. D.; Evans, W. H.; Parker, V. B.; Halow, I. ; 
Bailey, S. M.; Schumm, R. H. Natl. Bur. Stand. Tech Note 270-3 
1968. 
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FIGURE 6. Summary of the reactions from which D[(C0) 5MnCH: -H-] 
is calculated. 
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(C0) 5MnCH2 F --+ (C0) 5MnCH: + F + e AP [(C0) 5MnCH:] 
(C0) 5MnCH3 --+ (C0) 5Mn+ + CH3 + e AP1 [(C0) 5Mn+l 
(C0) 5Mn+ + CH2 F + e --+ (C0) 5MnCH2 F -AP2 [(C0) 5Mn+] 
CH3 + F --+ CH3F -D [CH3 -F] 
CH3F --+ CH2F + H D[CH2F-Hl 
H+e --+ H -EA [H] 
(C0) 5MnCH3 
D((C0) 5MnCH:-H-] = AP[(C0) 5MnCH:] + AP1 [(C0) 5Mn+] -
AP2 [(C0) 5Mn+] - D[CH3-Fl + D[CH2F-H] - EA[H] 
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Fluoride and H dride Transfer Reactions. (C0) 5MnCH3 does not 
produce (C0) 5MnCH: either by electron impact, reaction with proton 
donors, or reaction with fragments produced by electron impact of 
(C0) 5MnCH3 or (C0) 5MnH, even though D[(C0) 5MnCH: -H-1 = 210 kcal/ 
mol is so low as to indicate hydride abstraction is thermodynamically 
favorable. 
The fluoroalkyl derivatives all give a (C0) 5MnCXY+ carbene 
produced by F atom loss as a major fragment in the electron impact 
mass spectrum. In addition, F- abstraction by a variety of the 
fragment ions (e.g., Mn+, MnF+, and often (C0) 5Mn~ also produces 
the carbenes. This enables the fluoride and hydride transfer reactions 
of each of these carbenes to be investigated. 
Reactions 5 and 6 are identified in (C0) 5MnCH2 F at a pressure of 
5 X 10-7 torr. Variation of ion abundance with time is illustrated in 
Figure 7; rate constants ks = 3. 3 x 10-10cm3 mole·c-1 s-1 and 
ks = 1. 7 x 10-10cm3 molec-1 s-1 are derived from these data. Reaction 6 
cannot be described simply as a hydride or fluoride transfer reaction; 
presumably an intermediate is formed which disproportionates as 
shown in Scheme II. 
The carbene (C0) 5MnCHF+ is not observed to react with 
(C0) 5MnCHF2 at 5 x 10-7 torr of the neutral and at trapping times as 
long as 2000 msec. 
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FIGURE 7. Variation of the car bene ion abundances with time, 
observed in 5 x 10-7 torr (C0) 5MnCH2 F following a 10 msec, 
18 ev electron beam pulse. 
104 
0 
0 
It) 
0 
105 
Scheme II 
H H * I \ (C0) 5Mn-C, C-Mn(C0) 5 
\ "F /I F H 
+ 
In a 1:1 mixture of (C0) 5MnCH2 F with (C0) 5MnCHF2 at a total 
pressure of 1 x 10-6 torr, (C0) 5MnCHF+ is not observed to react with 
(C0) 5MnCH2 F (to produce (C0) 5MnCH:), even at trapping times up to 
2000 msec. 
In a 1:1 mixture of (C0)5MnCH2 F with (C0) 5MnCF3 at a total 
pressure of 1 x 10 -e torr, the fluoride transfer reaction 7 is identified. 
Careful examination of the double resonance contributions to 
(C0) 5MnCF; from (C0) 5MnCH; and (C0) 5MnCHF+ indicate the direct 
reaction 7 and not just the sequential reactions 5 and 6 occur in 
this system. The complexity of the reaction scheme made it difficult 
to determine k, . 
Figure 8 illustrates the variation of ion abundances for 
(C0) 5MnCHF+ and (C0) 5MnCF; formed in a 3:4 mixture of (C0) 5MnCHF2 
and (C0) 5MnCF3 at a total presure of 2. 5x 10-7 torr. Although it appears 
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FIGURE 8. Variation of the carbene ion abundances with time, 
observed in a 3:4 mixture of (C0) 5MnCHF2 with (C0) 5MnCF3 at a 
total pressure of 2.5 x 10-7 torr, following a 10 msec, 18 eV 
elect ron beam pulse. 
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an equilibrium is established between these two ions, and the ion 
abundances vary with pressure as expected for an equilibrium, no 
reaction linking these two ions is identified in the double resonance 
spectrum. 
In several instances, as the mixture of (C0)5MnCHF2 with 
(C0)5MnCF3 , fluoride (or hydride) transfer must be exothermic for 
one combination of reactants, but is not observed. It might be argued 
that electrophilic attack occurs on the metal, not the fluorine, and this 
is responsible for the failure to observe fluoride transfer as a rapid 
process. However, reaction of proton donors with the fluoroalk:yls 
results only in prcton transfer with HF loss to yield the carbene ions. 
The conjugate acids (C0) 5Mn(R)H+, or the loss of the fluoromethanes to 
yield (C0) 5Mn +, which would indicate attack at the manganese or the 
alkyl carbon, are not observed by proton transfer of any exothermicity. 
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Discussion 
~
Scheme III illustrates the thermodynamic cycle from which 
IP[(C0) 5Mn] can be calculated. Choosing D[(C0) 5Mn-Hl =57 kcal/ 
mo112 and AP[(C0) 5Mn+] = 10.3 eV when formed from (C0) 5MnH, 
(Table I) gives IP [ (CO) 5M n] = 7. 8 e V. The higher value 
Scheme ill 
(C0) 5Mn + H 
D [(C0) 5Mn-H] I 
(C0) 5MnH 
AP[(C0) 5Mn+l 
D [ (C0) 5Mn - Hl = 64 kcal/mol14 yields IP [(C0) 5Mn] = 7. 5 eV. 
A mass spectrometric determination of IP [(C0) 5Mn] = 8. 32 eV is 
reported; a value for IP [(C0)10 M~] = 8. 46 is given by the same 
authors. 28 A value for the adiabatic IP [(C0) 10 M~l = 7. 7 ± 0.1 eV is 
found from the published photoelectron spectrum, 29 from which we 
estimate IP [(C0) 5Mnl ~ 7. 55± 0.1 eV by comparison to the mass 
spectral study. This is in reasonable agreement with the predictions 
based upon the manganese-hydrogen bond energies given above. A 
value D[(C0) 5Mn-H] =57 kcal/mol is chosen as the reference point 
in this work. 
The value for D[(C0)5Mn-H] =57 kcal/mol is used to calculate 
D[(C0) 5Mn-R] of 44 kcal/mol (R = CH3), 32 kcal/mol (R = CH2 F), 
33 kcal/mol (R = CHF2), and 42 kcal/mol (R = CF3). The metal-
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hydrogen bond is considerably stronger than the metal-methyl bond in 
these complexes. This is consistent with other thermochemical data, 
listed in Table VI, which provide a comparison of metal-methyl and 
metal-hydrogen bond strengths. 
The bond strengths for the fluoroalkyls roughly follow the trends 
in D[R-H] for the fluoromethanes (Table IV): the bonds to CH2 F and CHF2 
are weaker than those to CH3 and CF3 • Within our error limits, the 
manganese-methyl and -trifluoromethyl bonds are the same strength. 
What is striking about the (C0) 5Mn-R bond strength is the magnitude 
of these differences (12 kcal/mol), particularly considering the 
absolute bond energies of the manganese-carbon bonds are a factor 
of two or three smaller than in the fluoromethane. Even more startling, 
the metal-fluoroalkyls bonds are weaker than the manganese-methyl 
bond. This is in complete contrast t-o all the predictions based upon 
spectral evidence and kinetic reactivities of these complexes. A 
combination of weaker sigma-bonding and increased pi-bonding may 
account for some of the spectral changes occurring with fluorine 
substitution. Activation parameters, thermochemical properties of 
final products, and availability of reaction pathways apparently play 
the major roles in determining the thermal "stability" of the fluoro-
carbon derivatives. 
Comparison of the bond energies derived in the present work to 
those reported by Connor (Table II) reveals only partial agreement. 
For R = CF.,, the results differ by only 1 kcal/mol. The euphoria 
fades in the case of R = CH3 , where Connor's bond energy is 
11 kcal/mol below our number. This discrepancy is larger than the 
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Table VI. Comparison of Metal-Hydrogen and Metal-Methyl Bond 
Strength sa 
Compound, MR 
5 b (7] -C5H 5) 2Mo~ 
5 b (1] -CsHs)2~ 
IrCl( CO)(PMe3) 2(n(R) c 
CoRd 
24.5 ± 1. 5 (mean) 
25.4 ± 1. 4 (mean) 
13.6 ± 3 
-2 ± 12 
a) All values in kcal/mol at 298 K. 
b) Ref. 10. 
c) Ref. 11. 
d) Ref. 15. 
D[M -H] 
60 (est.) 
73 (est.) 
39 ± 6 
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error limits which might reasonably be expected for either method. 
It would be improbable that the threshold for formation of (C0) 5Mn+ 
from (C0) 5MnCH3 is 0. 5 eV lower than indicated by the data in 
Figure 2. Some problems were noted by Connor in applying the drop 
calorimetry method for determining heats of iodination to the methyl 
derivative. 12 
The knowledge that the double bond energy in tetrafluoroethylene 
is 60 kcal/mol less than ethylene makes the observed weakening of 
metal carbene bond energies by successive fluorine substitution less 
surprising. The effect is non-trivial, with D [ (CO) 5Mn + -CH2 ] = 104, 
D((C0) 5Mn+ -CHFl = 98, and D[(C0) 5Mn+ -CF2 ] = 82 kcal/mol. These 
are compared to fluorine substituent effects on "bare" metal-carbene 
bond energies in Table VII, where a similar weakening of the bond is 
effected by fluorine substitution. 
A weak bond does not necessarily imply lack of stability. Even 
though the CF2 carbene has the weakest bond to (C0) 5Mn+, it is the final 
product of hydride and fluoride transfer reactions 5 and 6 observed in 
(C0) 5MnCH2 F. Similar hydride transfers have been observed for 
cationic rhenium and iron methylene complexes reacting with their 
methoxymethyl precursors. 30, 31 The formation of (C0) 5MnCF: by 
reaction 6 in the presence of (C0) 5MnCH2F is interesting. The 
fluoride transfer to yield (C0) 5MnCH: (which would provide a chain 
reaction producing (C0) 5MnCH3 and (C0) 5MnCHF2 from (C0) 5MnCH2 F) 
is calculated (Table Ill) to be 1 kcal/mol endothermic; it does not 
occur. The overall exchange reaction 6 is calculated to be 31 kcal/mol 
exothermic. 
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Table VII. Metal-Carbene Bond Energies to Transition Metal Ionsa 
Metal ion, M+ 
98 ± 6b, c 
86 ± 6b 
a) All values in kcal/mol at 298 K. 
b) Halle, L. F.; Beauchamp, J. L., unpublished data. 
D[M+-CF2 ] 
44 ± 5b 
c) Stevens, A. E.; Beauchamp, J. L. J. Am. Chern. Soc. ~' 101, 
6449. 
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Several of the hydride and fluoride transfers are too slow 
(k < 10-12 cm3 molec - 1 s-1) to be observed on the icr time scale, as 
the studies with the mixture of (C0) 5MnCHF2 and (C0) 5MnCF3 highlight. 
Fluoride transfer in this system is nearly thermoneutral; this may 
account for the slowness of the reaction. Since hydride transfers to 
and from several of these carbenes are facile, it does not appear that 
stcric effects are important. Failure to observe the fluoride transfer 
reactions may be due to unfavorable energetics associated with 
fluoronium ion intermediates with several fluorine substituents on the 
a-carbons. This effect has been noted in a study of the fluoro-
methanes. 32 
Both the hydride and fluoride affinities of the carbenes follow the 
trends observed for the fluoroalkanes, but are substantially (1 00 kcal/ 
mol) weaker. These considerations indicate the carbenes should not 
be regarded as carbonium ions, but that the positive charge is likely 
to be on the metal. This reduced charge on the carbene carbon could 
also be a factor contributing to the slow hydride and fluoride transfer 
rates. 
The hydride and fluoride transfers observed in the icr experi-
ments establish D[(C0) 5MnCH:- H-] > D[(C0) 5MnCHF+-H-], in 
agreement with the PIMS data. The reactions indicate 
D[(C0) 5MnCH:-F-] > D[(C0) 5MnCF:-F-], which is the reverse of 
that predicted from the PIMS data. The gradual onset for the carbene 
ions makes the thresholds difficult to assign; a reversal of these two 
fluoride affinities falls within the error limits placed on these 
appearance potentials. 
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The thermochemical data in this work can be used to predict the 
enthalpy changes for several reactions, listed in Table VIII. 
One interesting reaction is the insertion of CO into the 
(C0) 5Mn-R bond. The enthalpy change AH = -12.6 kcal/mol for 
insertion of CO into the methyl compound is reported, 2 from which 
D [(C0) 5Mn-C(O)CH3l = 44 kcal/mol can be derived. In calculating 
~H for the other insertion reactions in Table VIII, the manganese-
formyl and manganese-fluoroacyl bonds were assumed equal to 
44 kcal/mol also; increasing the bond energy for these complexes 
increases the exothermicity of CO insertion. 
The approximately 6 kcal/mol exothermicity of CO insertion to 
yield the formyl, (C0) 5MnC(O)H indicates that the rapid decomposition 
of this compound should not be attributed entirely to thermodynamic 
instability. A trend as predicted for the fluoroalkyls is consistent 
with that determined experimentally for a series of iridium compounds. 22 
One reaction common to a variety of metal alkyls is ~-hydrogen 
transfer to yield a metal hydride and a free olefin. An estimate for 
the endothermicity of this decomposition for (C0) 5MnCH2CH3 can be 
made by assuming D[(C0) 5Mn-CH2CH3 ] is equal to D[(C0) 5Mn-CH3 ]; 
this is given in Table VIIT. Not surprisingly, (C0) 5MnCH2CH3 is an 
isolable species. This complex is thermally unstable above 60 o, but 
decomposes to yield products other than the hydride. 33 
The enthalpies for metathesis reactions of the (C0) 5MnCH: and 
(C0) 5MnCF: carbenes are also examined in Table VITI. Although the 
(C0)5Mn+ -CF2 bond is weakest, the carbon-carbon bonds in the olefins 
are the dominating factor in these reactions: the (C0) 5MnCF: carbene 
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Table VIII. Reaction Enthalpies Calculated From This Work 
Reaction 
CO Insertion 
(C0) 5MnCH3 + CO --+ (C0) 5MnC(O)CH3 
(C0) 5MnH +CO --+ (C0) 5MnC(O)H 
(C0) 5MnCH2 F + CO - (C0) 5MnC(O)CH2 F 
(C0) 5MnCHF2 +CO --+ (C0) 5MnC(O)CHF 2 
(C0) 5MnCF3 +CO --+ (C0) 5MnC(O)CF3 
~-Hydrogen Transfer 
(C0) 5MnCH2CH3 __. (C0) 5MnH + CH2CH2 
Olefin Metathesis 
AH 
kcal/mol 
-12.6a 
-6 
-25 
-24 
-15 
26 
(C0) 5MnCH; + CF2CF2 - (C0) 5MnCF; + CH2CF2 -40 
(C0)5MnCH; + CH2CF2 __. (C0) 5MnCF; + CH2CH2 -19 
a. From Ref. 2. 
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is thus favored. These results again suggest caution should be 
exercised in evaluating "stabilities" of organometallic complexes 
without regard for the other reactants and products. Metathesis 
reactions have not been examined with either fluorocarbenes or 
fluoro-olefins; these would make an interesting test of our 
predictions. 34 
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Chapter V 
Metal-Hydrogen Bond Energies in Protonated 
Transition Metal Complexes 
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Metal-Hydrogen Bond Energies in Protonated Transition Metal Com-
plexes. 
Sir: 
Existing data for transition metal- hydrogen bond dissociation 
energies of neutral complexes are few and controversiall-S. For the 
ion BH+, the homolytic bond energy D(B+- H) can be determined readily 
and ac.curately from the proton aifinity ( PA) and adiabatic ionization 
potential (IP) of the base B, as shown in the thermodynamic cycle of 
Scheme I, which yields the relationship given in eq 1. 
Scheme I 
+ D(B+-H) + BH -----..... -~> B +H 
PA(B)l i -IP(H) 
B+g+-"'"""!I_P_(_B~) -·~ B+ +if +e 
D(B+ -H) = PA(B) + IP(B) -IP(H) (1) 
We report the proton affinities of twenty organotransition metal 
complexes in the gas phase. For sixteen of these complexes protonation 
occurs on the metal center, and the corresponding metal-hydrogen 
homolytic bond dissociation energies are determined. These data are 
summarized in Table I. 
All proton affinities were determined using the techniques of ion 
cyclotron resonance spectroscopy9, by examining proton transfer reac-
tions in mixtures with compounds of known base strength. Ionization 
potentials are taken from a variety of sources and experimental pro-
cedures, as noted in Table I. The site of protonation in several of these 
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Table I. Proton atf1nit1ea, 10111zat1oa potent1al.a, ~d metal- hydrogen bJmolyt1c bond enerpea af t:n.nai-
tton metal compounct.. 
Adiabatic 
Homolytic 
PA(B)b Bond Enerf Stte ~,d Compound PA(B)-PA(NH,)a IP(B)a,c: D{ a+- H 
(B) kcal/mol kc:al/mol eV kcavmot Protonatton 
Group VB 
(CO),V -G. 7:tl. S 1Wf:t3 'f. ~5*0. 1 (PESf 5~3 
Groap vm 
(CO),Cr -23. 3:t1.1 184-*2 8. 14~. 017(PIMS)1 58:t3 
(CO),Mo -t!:tt 18~2 8. 227:l0. Ott (PIMS)1 eS:t3 
(CO),W -19:*1 188:t2 8. 242:*0. ooe(PIMS)1 54%3 
CpCr(CO),NO -7.2::tt.3 200Z2 7. 2:t0. 1 (PES)m 52:t3 L(g} 
CpCr(CO),CH, l. S:tt. 8 20~3 7. 2:t0. 2QCR) ~~ L(g) 
BzCr(CO), 1:t2 2082"3 T. OtO.l(PES)11 5~ M(a)u 
Group VIIB 
(CO),MnCH, -18. 7:t1. 4e 188:t3 8. 320. 1 (PES)0 e7:t3 
(CO),ReCH, -1e.3:t1.o• 1G1:t2 8. 5±0. 1(PES)P 7323 
(CO),MnH -3. S:*1. 5 204:t3 8. 5~. 1 (PESf 87±3 
(CH,C,H4)Mn(CO), -3. 9:*0 • .,: 203:t2 7. 86:t0. l(MS)q 71±3 M(s)• 
Group vm 
(CO),Fe -3±31 2()42:4 T.98ZO.Ol(P~r 7425 M(s)u 
CpFe(C0)1CH, -13. ~1.1 194±2 T. S:*O. 1 (PESf 5323 
Cp,Fe &:*4h 21~5 e. T2ZO. 1 (PES) t 5425 M(a)x 
Cp,Ru 13±2 220±3 7. S:*O. 2(ICR) 7~5 M(a)X. 1 
CpCo(C0)1 022 207±3 7. S:tO. 2(ICR) 7~5 M(g) 
CpRh(C0)1 7±2 214:t3 7. 8:t0. 2(ICR) BOSS M(g) 
(CO)JU -23:t1 184±2 8.32%0.01(PIMS)r e2:t3 
Cp,Nl 17. 9:*11 225*3 e. 2SO. 1 (PES) t 5423 L(a)z 
CpNtNO -4. 5*2. ~ 20~3 8. 21±0. 03(PIMS)J 78:t3 L(g~ 
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a. All references are from this work unless otherwise noted. 
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Soc. 1979, 101, 4067]. A lower value of PA(NH3) would result in 
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lowering all of the homolytic bond dissociation energies by the same 
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compounds has been determined either by gas-phase or solution-phase 
studies; these results are also presented in Table I. For the cases in-
dicated, ligand protonation corresponds to carbon- hydrogen, rather 
than metal-hydrogen bond formation. 
The following points emerge from the data presented in Table I; 
(1) An average metal-hydrogen bond energy of 68 kcal/mol is 
computed from the 16 compounds for which protonation on the metal 
center is indicated. The enormous range of energies, from 53 
kcal/mol for D[CpFe(C0)2CH3+ -H] to 87 kcaL.tnol for D[(COJMnH+ -H1 
would suggest this average should be used only with extreme caution to 
predict the thermochemistry or reactivity of metal hydrides. 
( 2) Despite the wide range of bond strengths, periodic trends are 
apparent. In moving across the first row transition metal carbonyls, 
the metal-hydrogen bond energy is a maximum for D[(C0)5 Fe+ -H). On 
proceeding from a first- row compound to its second- row homologue, the 
metal- hydrogen bond energy increases. A difference of 7 kcal/mol is 
seen between D[(C0)6 Cr+ -H] and D[(C0)6Mo+ -H1 and between 
D[CpCo(C0)2+ -H] a~d D[CpRh(C0)2+ -H]. A more substantial increase is 
evident with D[Cp2Ru+ -H1 ~or which the bond energy is 25 kcal/mol 
stronger than D[ Cp2Fe +- H ]. There does not seem to be an increase in 
bond energy on proceeding from second to third row metals; the only 
example is D[(C0)6Mo+ -H] compared to D[(CO)s w+ -H1 however. The 
6 kcal/mol difference between D[(C0)5MnCH3+ -H] and D[(C0)5ReCH3+ -H] 
is consistent with these observations. 
(3) Typically within a "homologous" series of compounds, the 
homolytic bond energy D(B+ -H) remains constant. 11 It is clear on ex-
amining the three iron complexes listed in Table I that they do not 
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constitute "homologous" molecules. We suggest that compounds with 
higher oxidation states of the same metal atom have substantially weaker 
metal-hydrogen bonds. Forming several sigma bonds causes changes in 
the electron density and orbital hybridization of the metal center which 
result in weaker bonds with increasing oxidation state. This concept is 
not unfamiliar to most chemists; a Co(I)/Co(m) couple, but not a 
Co(ID)/Co(V) couple, is prevalent in catalysis. 
Connor1 has also noted a decrease in bond energy with increasing 
oxidation state; he gives as an example the average metal- chlorine bond 
strengths in MoCln and WCln, n = 4-6. 
In this context, NO appears to have the same effect as a sigma-
bonding ligand; protonation on the cyclopentadienyl ring, rather than on 
the metal, of the cyclopentadienyl chromium and nickel complexes is 
interpreted as evidence of a weaker metal-hydrogen bond for these com-
pounds as well. 
Although this hypothesis generally seems valid, an exception is 
D[(C0)5MnCH3+ -Hl = 67 kcal/mol compared to D[(C0) 5MnH+ -H] = 
87 kcal/mol; in this instance ligand variation has a striking effect on the 
bond strength. 
(4) ·Although D[(C0)5MnH+ -H] is a very strong 87 kcaVmol, the 
seeond metal-hydrogen bond is very weak, reaction 2. 
These data give the reductive elimination of H2 from (C0)5MnHi 
6 kcal/mol endothermic10. We expect this disparity between the first 
and second bond energies is a general result with dihydrides for which 
the unsaturated species (in this case (C0) 5Mn +) has a singlet ground state. 
128 ( 5) For main group hydrides the bond energy in the ion is typically 
10-15 kcaVmol stronger than in the isoelectronic neutraL11 The ions 
( C0)5 FeH+ and ( C0)4 NiH+ are isoelectronic with ( C0)5MnH and ( C0)4 CoH, 
for which metal-hydrogen bond energies of 575-644 and 556' 8-58 7 
kcal/mol have been estimated. For the transition metals the bond 
energies will depend heavily on the geometry and orbital hybridization 
at the metal. For example, (C0)4 Ni+ is expected to be of nearly tetra-
hedral geometry, with the radical electron of predominantly d charac-
ter. Although ( C0)4 Co may have a similar structure, several theoret-
ical and experimental studies have suggested that ( C0)4 Co could be of 
C:!V geometry, with the radical electron of substantial s-p character. 12 
These differences may cause changes in the bond energy between ion 
and neutral of such magnitude that comparisons or predictions between 
them are difficult to make at this point. 
The principal objective in deriving the data presented in Table I 
is the determination of metal-hydrogen homolytic bond energies for a 
large number of organometallic complexes. The base strengths as 
well as other reactions observed with many of these species are also 
of interest. These will be discussed separately. 
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Abstract 
The techniques of ion cyclotron resonance spectroscopy are used 
to determine the proton affinities of twenty organotransition metal com-
plexes in the gas phase. Combined with adiabatic ionization potentials, 
these data yield metal-hydrogen homolytic bond energies for the six-
teen species for which protonation occurs on the metal center. These 
bond energies range from 53 to 87 kcal/mol. Bond energies increase on 
going from a first-row complex to its second-row homologue, but no 
increase is seen on going to the third- row metal. The metal- hydrogen 
bond energy decreases markedly with increasing oxidation state of the 
same metal. Comparison to isoelectronic neutral complexes is made. 
